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RED CELL CYTOCHEMISTRY 
AND ARCHITECTURE 


By Eric Ponprr 
The Nassau Hospital, Mineola, N. Y. 


INTRODUCTION 


Some twenty-five years ago, discussion about red cell structure was 
confined to enquiries as to the chemical composition of the cell, as to 
whether it has or has not a surface membrane, whether its interior is 
fluid or gel-like, and as to the validity of certain rather general theories 
regarding its biconcave discoidal shape. Conditions of greater com- 
plexity have been brought to light by investigations since that time, 
and it is now necessary to discuss, not only chemical composition and 
gross structure, but ultrastructure or molecular architecture, and the 
results of special molecular arrangements. From the standpoint of 
this publication on red cell production and destruction, the important 
thing is that we appreciate the nature of the object which is to be pro- 
duced or destroyed. Since the object is complex, the processes in- 
volved in its production, and even the processes involved in its destruc- 
tion, are probably also very complex. There are enormous gaps to be 
filled between the enumeration of the substances required to make up 
the red cell and an understanding of how these substances come to be 
arranged in the way in which they are, but we are still at the stage of 
collecting observations and cannot expect, to see more than the out- 
lines of the picture. 


THE MATERIALS AVAILABLE 


The quantities of material available for constructing the red cell are 
found by chemical analysis, either of the cells or of their ghosts. In 
some cases, this is done by determining the amount of a substance, ¢.g., 
cholesterol, present in whole blood and also in plasma. The volume 
concentration of the cells is then measured, and the quantity of the sub- 
stance in the cells is calculated. This kind of determination is some- 
"times subject to serious error, because of uncertainties attached to the 
volume concentration measurements. It is, therefore, better to start 
with a mass of packed cells and to analyze them directly... Many 
values, however, have been found by the analysis of ghosts, stromata, 
“fixed framework,” or “post-hemolytic residues.” These can be pre- 
pared in various ways, some more satisfactory than others.? The first 
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difficulty is to obtain a reasonably good yield of the ghosts, and the 
second is to obtain ghosts which are reasonably free of hemoglobin, 
which tends to be adsorbed on the material of the ghost, or which may 
even be combined with a structural component in the intact cell. Hemo- 
lyzing the cells with water and precipitating the ghosts by saturating 
the hemolysate with CO2, and subsequently washing the precipitated 
material with CO.-saturated hypotonic saline, gives fairly good results, 
as also does a method in which the cells are hemolyzed in a hypotonic 
medium and washed, by means of a supercentrifuge, with a citrate 
buffer at pH 5.5. The ghosts prepared by these methods contain a 
varying amount (ox, 6 per cent; sheep, 2 per cent; and man, 10-30 per 
cent) of hemoglobin, and there are also unexplained variations in the 
final hemoglobin content. This contamination of the ghosts with 
hemoglobin may introduce errors into several kinds of chemical deter- 
mination of the composition of the stroma material. Other uncertain- 
ties may be introduced because the lysis of the cells and the washing of 
the ghosts may result in the removal of substances other than hemo- 
globin. The analysis of the ghosts, after the contribution of the re- 
tained hemoglobin has been allowed for, thus gives a minimum value 
for the materials available for constructing the framework of the cell. 
In some cases, it is possible to show that this minimum value is also the 
actual value: e.g., all the lipids found in the red cells of man are also 
found in the ghosts.’ Considerations such as these help us in deciding 
which components of the cell are parts of the framework, and which are 
loosely held or even available for transport. 

Drabkin‘ has pointed out the advantages of expressing the quantities 
of the various red cell components in moles per cell, or, normally, in 
moles per 90u° of volume. When the amounts are expressed in this 
way, one sees relations which are not apparent when the amounts are 
expressed in units such as mg./100 ml. For example, the molar con- 
centration of hemoglobin per cell of 9043 volume is 5.7 x 10-6 M, and 
that of glucose is 3.7 x 10-5 M. These concentrations are nearly the 
same, a fact which is not immediately apparent when we say that the 
hemoglobin concentration is 34 gm./100 ml. and the glucose concentra- 
tion 75 mg./100 ml. of cells. As a further example, the molar concen- 
tration of cholesterol per cell, 2.3 x 10-6 M, is about the same as that of 
hemoglobin. This may be coincidental, but it raises the possibility of a 
protein-lipid combination which has to be considered before it is re- 
jected. So far as cellular architecture is concerned, units such as 
mg./100 ml. are of relatively limited usefulness. In Tasue 1, I have 
therefore reduced a number of the values as usually given to moles per 
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TABLE 1 
CoMPosITION oF THE NormMAL Human Eryturocyte 


10-” gm./cell | 1073 meq./cell 10-6 M/cell 
_ Hemoglobin 29 ; 
get 0.6 Hit 
a 15 ; 
K 89 
Cl 45 
Bicarbonate 15 
Water . 63 = 
Total lipid 0.43 — 
Phospholipid 0.23 5.0 
Alcohol-soluble Oye ae 
phospholipid 0.184 = 
Neutral fat & 
cerebrosides 0.044 — 
Cholesterol 0.11 2.0 
Free cholesterol 0.10 1.9 
Non-hemoglobin protein 0.78 0.05 
; (M. W. = 200,000 ?) 
Glucose 0.075 3.0 


red cell of 90u3 volume. The number of molecules of the substance per 
cell, or the molecular population, can then be found by multiplying the 
molar concentration per cell by Avagadro’s number. Thus, there are 
6.02 x 10% x 5.7 x 107% = 3.4.x 108 molecules of hemoglobin, and 
6.02 x 10” x 3.7 x 1078 = 2.2 x 108 molecules of glucose per red cell. 


ARCHITECTURE 


The next problem is that of allocating the constituents to their places 

in the intact cell. Historically, this problem has been approached in a 
rather elementary way, by making various degrees of distinction be- 
tween the cell envelope and the cell interior. According to one classi- 
eal theory of red cell structure, the erythrocyte is a balloon-like body in 
which an external envelope encloses a fluid and structureless interior 
containing hemoglobin and salts in solution. This conception of the 
red cell, which dates back to Bidloo in 1685, is associated with the 
names of Schwann and of Hewson, and more especially with that of 
~ Norris (1882), who developed it into a theory to account for the bicon- 
cave discoidal shape of the cell, using as an analogy the biconcave shapes 
assumed by droplets of myelin. Norris thought that the special shape 
of the erythrocyte is due to a spreading-out tendency of lipid molecules 
in the envelope, balanced against surface tension forces which would 
ordinarily cause a fluid object to become spherical when immersed in 
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another fluid. This point of view was defended, particularly by 
Schafer, against that of Rollett (1862), who regarded the red cell as 
composed of a colorless matrix or stroma, in the meshes of which the 
hemoglobin is held. A modification of this conception is that the 
hemoglobin is-actually combined with the matrix material. Rollett’s 
theory does not try to account for the peculiar shape of the erythrocyte, 
but both Gough® and Teitel-Bernard® have suggested that the mole- 
cules of the matrix or the molecules of the hemoglobin repel each other 
more in one direction than in another, and so become oriented prefer- 
entially. The observations made in the course of this classical con- 
troversy were not able to decide the matter one way or the other, 
principally because the idea of a surface envelope and the idea of an 
internal structure are not mutually exclusive. Microscopic examina- 
tion of the intact red cell, whether with direct illumination, with the 
dark field, with ultraviolet light, or with the ultramicroscope, neither 
demonstrates that there is an internal structure, nor proves its absence. — 
Evidence from microdissection is equally inconclusive, for, under some 
conditions, the cell disappears when punctured, whereas under other 
conditions a jelly-like mass remains. Looking back over the con- 
clusions, based on twelve different kinds of investigation, discussed in 
my monograph’ as bearing on the question of the “‘balloon-theory”’ 
versus the ‘‘gelatin lozenge theory,”’ I find that three are based on in- 
correct observation or inference, four are inconclusive, and two, in the 
light of our present knowledge, indicate the very opposite of what they 
were once supposed to prove. Collecting what is left, there is evidence 
(as of 1934) that the red cell has a much lower conductivity (less than — 
1 per cent) than that of plasma or isotonic NaCl, that this is probably 
due to a non-conducting surface structure, and that this surface struc- 
ture probably acts differentially as a barrier to diffusion; that the cell 
as a whole has a measurable metabolism, and therefore something 
which corresponds to the cytoplasm of other cells; that the hemoglobin 
in the interior is present in a concentration which would exert an os- 
motic pressure of about 1 at. if in simple solution’; and that the com- 
ponents of either the surface structure or the internal structure or both 
ee so arranged as to give the cell its characteristic biconcave discoidal 
shape. 


Disk-Sphere Transformations Produced by Lysins 


The characteristic shape of the mammalian red cell must be inti- 
mately related to its architecture, and the problem of how the shape is" 
maintained can be approached by examining the conditions under 
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which it is changed, particularly those under which it is changed re- 
versibly. The change which occurs on the addition of a lysin such as 
saponin to a suspension of washed red cells is representative of reversi- 
4 ble shape changes in general, and can be observed by adding 0.2 ml. of 

a washed red cell suspension to 0.8 ml. of saponin saline in a dilution of 
about 1-20,000. A drop of the mixture is removed from time to time 
and examined on a plastic slide, either uncovered, or covered with a 
plastic coverslip. 

At first, the red cells in the preparation are almost perfect disks, but, 
- after a minute or so, some of them begin to crenate, and the number 
which do so increases as time goes on. By observing them as they roll 
over with currents in the fluid, it can be seen that they are essentially 
discoidal, although they may have many coarse crenations. If one 
follows the shape change which one of these cells undergoes, one sees 
that the crenations become smaller and more numerous, until the whole 
surface is covered with them, and that the discoidal shape is gradually 
lost. As the cell rolls over in the fluid, it is now no longer a crenated 
disk, but a crenated sphere. This stage does not last long, for the 
crenations become finer and finer and soon are not resolvable as crena- 
tions at all. The cell then has the appearance of a smooth glistening 
sphere. Quite quickly, this stage is succeeded by that of the prolytic 
sphere. The glistening property of the surface is replaced by a uni- 
form duskiness, and the margin of the cell is surrounded by a brillant 
diffraction band, and after a time which varies from a few seconds to a 
few minutes, the prolytic sphere hemolyzes and fades from view. The 
process of fading takes about 12 seconds in a saponin concentration of 
1007/ml. This interval is known as the “fading time.” At the end of 
the fading time the ghost is almost invisible, but, if ghosts are collected 
by suitable methods, they are usually found to be more or less spherical 
in shape. 

Shape changes such as these have been described for so many hemo- 
lytic systems containing such a variety of lytic agents that they. can be 
looked upon as the almost invariable accompaniment of the process 
which terminates in hemolysis. The following lysins produce substan- 
tially the same shape changes when added to suspensions of any type 
~ of mammalian erythrocyte upon which observations have been made: 
the saponins, including digitonin, the bile salts, the soaps, the anionic 
sulphate detergents with chains of from 8 to 18 carbons, brilliant 
green and other triphenylmethane dyes (eosin, erythrosin, and rose 
bengal, with or without exposure to light), lecithin, either from eggs or 
from soybean, cephalin, colloidal silicic acid plus complement, and 
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amboceptor plus complement. The shape changes are not necessary to 
the process which results in the liberation of hemoglobin from the cell, 
for, under special conditions, hemolysis can occur without the pre- 
liminary shape changes.‘® Nevertheless, the problems associated with 
the disk-sphere transformations of the normal mammalian biconcave 
disk can be approached from the following point of view. 

The addition of lysin to a suspension of red cells initiates a process 
which ordinarily ends in hemolysis. In the course of this process, the 
cell undergoes its series of shape changes, the biconcave disk becoming 
a crenated disk, a crenated sphere, a smooth sphere, and a prolytic 
sphere in succession. We can accordingly think of the biconcave disk, 
the crenated disk, etc., as a series of metastable forms with decreasing 
surface area, through which the cell has to go on its way towards lysin. 
This general statement, however, has to be qualified, in that the stages 
of the lytic reaction at which the various forms appear do not seem to 
be the same for all lysins. This can be illustrated by comparing the 
case in which 25y of saponin is added to a red cell suspension, with the 
case in which 5007 of disteary] lecithin is added to the same suspension. 
In the case of the saponin, the shape changes occur slowly, and for as 
long as half an hour there may be no change except for commencing 
crenation. Thereafter, however, the shape changes are rapid; the cell 
becomes a sphere, and hemolyzes within a minute or so. When leci- 
thin is added, on the other hand, all the cells become perfect spheres 
within less than a minute, but the appearance of prolytic spheres and 
the subsequent hemolysis takes much more than half an hour. 

Lysins such as digitonin and the soaps produce the shape changes in 
approximately the same time-sequence as the saponins, while sub- 
stances such as cephalin, dyes of the fluorescein series, and the syn- 
thetic anionic detergents bring about the changes in approximately 
the same time-sequence as lecithin. The substances in the latter class 
are, accordingly, those which we use when we want to turn disks into 
spheres, so as to study the properties of the spherical form. It is not 
clear, at the present time, what the differences in time-sequence are 
due to, and a more detailed investigation may show that each lysin in 
association with each different type of red cell produces shape changes 
in a time-sequence of its own. One way of looking at the matter is to 
suppose that there are two cell components involved, the first con- 
cerned with mechanical rigidity and the maintenance of the biconcave 
shape, and the other concerned with the prevention of the outward 
diffusion of hemoglobin. The effects which the lysin produces on the 
first component are nearly always apparent before those which it pro- 
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duces on the second, and we can imagine that lysins such as lecithin 
affect the “rigidity component’ very much more rapidly than they do 
the “permeability component,”’ whereas lysins such as saponin produce 
their effects on the two components more nearly simultaneously. The 
same idea can be expressed in various ways. Instead of speaking of two 
components, we might, for example, speak of two stages of disintegra- 
tion of the same structure, the first of which is reached more rapidly in 
the case of some lysins (e.g., lecithin) than in the case of others. To 
give the terms a definite, if temporary, meaning, we may think in the 
meantime of the shape component as being a supporting ultrastruc- 
ture, probably, but not necessarily, situated at the surface of the cell, 
and of the permeability component as being a layer or membrane, only 
a few molecules thick, situated somewhere in the thickness of the 
ultrastructure. 


Composition of the Surface Ultrastructure 


The quantity of fixed framework in the red cell, by which is meant 
the quantity of material which remains in the ghost after the cell has 
been hemolyzed by hypotonic solutions, has been estimated by direct 
weighing® and by a calculation from the phospholipid content of red 
cells and of ghosts.!° The figure varies in different animals from 1.2 to 
4.2 per cent by dry weight of the total material in the intact red cell, 
the mean value for the human erythrocyte being 3.4 per cent. From 
one point of view, this should be a minimum value, because substances 
other than hemoglobin may be lost in the process of hemolysis. These 
are probably proteins such as the anti-sphering substance and the 
globulin which is found in the supernatant fluid during the washing of 
ghosts. On the other hand, the ghosts are always contaminated with 
varying amounts of hemoglobin, and this tends to make the value for 
_ the fixed framework larger than it would be otherwise. So far as the 
lipids are concerned, however, there is satisfactory evidence that at 
least 90 per cent of these substances present in the intact cell are also 
present in the ghost. 

The question as to how much of the material which makes up the 
fixed framework can be regarded as composing the surface ultrastruc- 
ture is not so easily disposed of, because the answer depends on whether 
the ghost is an empty balloon-like structure or a body with a gel-like 
interior surrounded by denser surface layers. Until this is decided, 
the best that can be done is to see what the composition of the surface 
structure would be, on the assumption that all the material of the fixed 
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framework goes into its construction. This will tend to give maximum 
values, but several conclusions can be arrived at, at least tentatively. 

a. Thickness. Since the fixed framework constitutes 3.4 per cent by 
dry weight of the material in the intact human red cell, the thickness of 
a surface structure which contained all-the material would be about 
190 A, assuming a density of 1.0. A variation of +1 per cent in the 
figure for the fixed framework would correspond to about +60 A in 
the thickness. It should be noticed that this calculated thickness does 
not allow for the possible contribution of water, and that the value 
tends to be a maximum one because of the contamination of the ghosts 
with hemoglobin. 

b. Materials available. The average lipid content of the ghosts of 
human erythrocytes is 4.7 mg./ml." This gives 430 x 10~” mg. per 
cell, or 2.5 x 10-” mg. per yu? of cell surface. Assuming a density of 0.8, 
this quantity would form a layer at the cell surface only 31 A thick. 
The total cholesterol content for human ghosts is 1.2 mg./ml. of cells, 
110 x 10-” mg. per cell, and 0.69 x 10-” mg. per uv? of surface. This 
quantity is too small for the formation of a complete monolayer, since 
there is only one cholesterol molecule per 1000 A2of surface. About 33 
per cent of the total lipid in the human red cell is cephalin, 21 per cent 
lecithin, 20 per cent cholesterol, and 5 per cent cholesterol ester, but 
the proportions of these fractions, as well as the total value for the 
lipids, vary greatly in the red cells of different animals. In the case of 
the cells of the rabbit, the rat, and the ox, for example, the lecithin 
represents only from 6 to 12 per cent of the total lipid, while from 5 to 
10 per cent appears as an unidentified ether-insoluble fraction.*: !° 4 
In addition to the lipids, human erythrocytes contain about 0.4 mg./ml. 
of what is usually called neutral fat but is probably a mixture of 
cerebrosides.!° ‘ 

The quantity of the protein component in the fixed framework is 
from 1.3 to 2.3 times that of the lipid and, in the red cell of man, is 
about 8.6 mg./ml. or 780 x 10-2 mg. per cell. Assuming a density of 
1.3, this would make a layer, at the surface of the cell, about 37 A thick. 
The protein can be obtained almost free of hemoglobin by preparing 
ghosts by the CO, method, adding them to 0.02 M acetate buffer at pH 
4.6, and washing the agglutinated material with dilute acetic acid. An 
extraction with ethanol-ether removes the lipids.!2 The protein, now 
known as stromatin, is very insoluble, and was recognized by Jorpes to 
be a “protein sud generis’ because of its amino acid composition. 
Later analyses have shown that the only other class of proteins having 
similar properties is the keratins.!2» 4 The amino acid composition of 
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stromatin seems to be the same, irrespective of its source,” ™ and the 


Specific immunological reactions obtained with the red cells of different 


\ 


animals must depend on quit 1 1 , 
On the basis of Sout as na BM ea eae 
coe ! : y and double refrac- 
1on of flow, Boehm has described stromatin as a protein with a very 
high asymmetry number (like fibrinogen), but doubt has been thrown 
on these results by Furchgott,!® who has found that the method of 
preparation which Boehm describes results in a suspension of fine par- 
ticles derived from disintegrated ghosts, rather than in a solution of 
monodisperse proteins. Boehm’s idea that stromatin may form gels 
containing a very low percentage of protein, nevertheless, still remains . 
a possibility, in which case as small a quantity as 0.5 per cent by 
weight could form a gel-like matrix occupying the red cell interior. 

It is certain that stromatin is not the only protein, other than hemo- 
globin, in the red cell. Stern has separated two protein components, 
in addition to hemoglobin, by electrophoresis, and one of these is 
probably stromatin.!7 A globulin is found in the supernatant fluid, in 
the course of the preparation of the insoluble stromatin, and the “‘anti- 
sphering factor,’ an albumin, is readily removed from the surface of 
the intact erythrocyte. 

From the analytical data, there must be about 90 lipid molecules for 
each protein molecule in the fixed framework, and there is evidence that 
from 40 to 60 per cent of the lipid is bound to protein as lipo-protein,” 
with considerable differences in the percentage in different species. 

c. The contribution of water. While the amounts of lipid and of 
protein, estimated in the dry state, are sufficient to form a layer only 
about 70 A thick, the actual thickness of the surface ultrastructure 
which they compose depends on the extent to which they are hydrated. 
Direct measurements of the thickness have been made with the lepto- 
scope,!® and the thickness has been inferred from photographs taken 


with the ultramicroscope.!® In the case of the rabbit ghost, the thick- 


ness found with the leptoscope is a function of pH with a maximum of 
220 A at pH 6.0. The thickness can be halved by extraction with lipid 
solvents. Since the lipids and proteins of the rabbit cell, as estimated 
in the dry state, would make layers 50 A and 72 A thick, the contribu- 


tion of water must be about 80 per cent by volume. Zwickau, working 


with the ultramicroscope, sets the dry thickness at 200-300 A. If any 
substantial degree of hydration is allowed for, these values would give 
a thickness for the surface ultrastructure of from 300-400 A. It 
should be remarked, however, that there is good evidence that the 
thickness of the surface is not uniform. The leptoscope shows the 
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region of the biconcavity to be covered with a thicker structure than 
elsewhere, the difference amounting to about 30 A. After extraction 
with organic solvents, the contrast is even greater, indicating that the 
relative protein content in the region of the biconcavity is greater than 
elsewhere. It has also been shown that, when the biconcave cell is 
converted into a sphere, and the sphere subsequently reconverted into 
a disk, the biconcavities reappear at the same places on the cell surface 
as those which they first occupied, and that even crenations appear, | 
disappear, and reappear at the same points on the surface."° By spe- 
cial methods, even fine structure can be observed in the surfaces of 
ghosts, and a fibrillar composition has been reported on the basis of 
examination with the ultramicroscope. *® 

d. Arrangement of the components. Examination of ghosts with the 
polarization microscope shows that the surface structure is optically 
quite similar to that of the axon sheath of invertebrate nerve, being 
referable to two components, protein and lipid. The protein com- 
ponent has its long axis oriented tangentially, while the interspersed 
lipid micelles have their axes oriented radially.2° This radial arrange- 
ment of lipid probably corresponds to cephalin, lecithin, and sphyn- 
gomyelin molecules lying with their fatty acid chains side by side, and 
their phosphoric acid ends, bearing serine or choline, sticking out into 
the surrounding medium. It is these ionized polar groups which 
dominate the surface from an electrophoretic standpoint.” The iso- 
electric point of the intact cell is 1.7; that of the extracted lipid, 2.6; 
and that of the stroma protein, 4.7. Obviously, the cell surface is not 
a surface of stroma protein. Further evidence that the phosphatides 
are on the surface, or accessible through it, is provided by the fact that 
lipases break them down. . 

What is referred to as the red cell membrane, and held responsible 
for the permeability properties and for the impedance, is probably a 
specialized layer at the surface of, or in the thickness of, the ultrastruc- 
ture. Fricke’s estimate of its thickness, on the basis of impedance 
measurements and an assumed dielectric constant of 3, is 30 A,2* and 
there is just about enough lipid to form a double-layered structure of 
this thickness, with the fatty acid chains of the two layers in contact 
with each other, the polar groups of the outer layer facing towards the 
surrounding medium, and those of the inner layer facing towards the 
cell interior. The principal objection to this simple conception is the 
large amount of lipid bound to protein, which would lead to the orienta- 
tion of cephalin, lecithin, and cholesterol around the protein molecules 
or micelles, instead of in a continuous bimolecular layer. While the 
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cell surface is dominated by lipid, all of the lipid need not be at the 

. surface. Part of it, for example, might form an oriented, although not 
continuous, layer deep to an oriented layer of the remainder, thus leav- 
ing areas of the surface to be filled in with protein, and eine the sur- 
face a complex mosaic structure. 


Sphere Formation and Changes in the Ultrastructure 


The way in which lysins act on the surface ultrastructure to produce 
first, sphere formation, and later lysis, can be investigated by Siding 
washed red cells to various lysins in decreasing concentration, and 
picking out the concentration in which perfect spheres are found, and 
also the concentration in which complete lysis occurs, in some fixed 
time and at a selected pH and temperature. Results for a number of 
lysins are shown in TABLE 2. 


TABLE 2 


QUANTITIHS OF LysINs (IN y) REQUIRED FOR THE LysIS AND SPHERING OF 5 x 10? 
Human Rep CELLs 1n 30 Minutes at 25° C. anp pH 6.4 


Lysin For lysis For sphering* 

Saponin 33 

Na taurocholate 250 12 
Na glyeocholate 330 33 
Na oleate 20 10 
Digitonin 12 8 
Disteary] lecithin — 5 
C-18 sulphate 16 2 
C-16 sulphate | 10 2 
C-14 sulphate 12 1 
C-12 sulphate 45 4 
C-10 sulphate 400 40 
C-8 sulphate — 300 
Rose bengal (dark) 40 a 


* These values are correct to the nearest power of 2. 


The sphere-forming and lytic substances include some, such as the 
synthetic detergents, which probably react with both the protein* and 
the lipid of the ultrastructure, and others, such as digitonin, which are 
usually regarded as reacting with lipids. There are still others, such as 
lecithin, which we do not usually think of as having a tendency to form 
compounds with either lipids or proteins. The distinction between 
reactions with proteins and reactions with lipids, however, is not very 
meaningful, both because substances such as digitonin react with pro- 
teins as well as with lipids,?> and because the cell surface contains lipo- 
proteins as well as lipids and proteins. A complex ultrastructure, 
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composed of a number of components and deriving its mechanical 
strength from the special way in which these components are linked 
together, can be made to collapse in a variety of ways. One point, 
however, stands out clearly: Certain substances can produce the disk- 
sphere transformation, and can even bring about lysis, when they are 
present in such small concentrations that they cannot cover the cell. 
surface witha monolayer. The detergent sodium tetradecylsulphate 
(C-14), for example, produces sphering when there is only one molecule 
per 520 Ae and lysis when there is only one molecule per 44 A’, of cell 
surface as a minimum. Rose bengal in the dark produces sphering 
when there is one molecule per 400 A2 of surface, and the same dye in 
sunlight produces lysis when there is as little as one molecule per 10° A’ 
of surface. These examples show that there is no basis for the idea” 
that a lysin must form a monolayer at the red cell surface before it can 
bring about hemolysis. Reckoned on a mole-to-mole basis, on the 
other hand, we find that sphering is produced when there is approxi- 
mately one C-14 molecule for each protein molecule in the ghost. Re- 
lations of this kind are more likely to yield information about the 
mechanism of lysis than are calculations of the number of molecules per 
unit of surface, although they lead away from stoichiochemistry into 
the less explored fields of complex formation. 

It is not difficult to imagine that a reaction with one C-14 molecule 
might disturb the equilibrium between a protein molecule and its 
neighbors, each with its 90 associated lipid molecules, and so bring 
about a shape change through a modification of the intermolecular 
forces in the ultrastructure. It should be noticed that the phenomena 
are not only strictly quantitative but, up to a point, reversible. Thus, 
5 x 10° molecules of C-14 per cell produce crenation of the disk, 107 
molecules produce many fine crenations and a crenated spherical form, 
and 3 x 107 molecules are sufficient to bring about perfect sphering. It 
can be supposed that the detergent molecules combine with the mate- 
rial of the ultrastructure, that crenation occurs if the regions affected 
by the combination are few, and that a complete collapse of the struc- 
ture which maintains the discoidal shape takes place if the regions 
affected by the combination are still more numerous. Up to this 
point, however, the shape change is reversible, either by washing off 
the detergent, or by adding plasma or a number of other “reversing 
substances” to the system. All these reversing substances, e.g., ben- 
zene, chloroform, and the plasma proteins, have a high affinity for the 
sphering agent, and it can be shown that the reversal of the disk sphere 
transformation is a phenomenon as quantitative as the transformation 
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. itself.” The combination which causes the ultrastructure to lose its 
special shape is, accordingly, a loose one in the first instance. The 
loose combinations between sphering agent and cell component soon 
become replaced by more permanent ones, and the surface, already 
collapsed with respect to its shape, now collapses still further. The 
sphere passes into the prolytic sphere, the structure disintegrates so 

much that hemoglobin is lost into the surrounding medium, and the 
cell hemolyzes. These last stages of the process are irreversible. 


The Shape Transformation between Glass Slide and Coverslip 


A special type of disk-sphere transformation, in which it is certain 
that a protein component is involved, is the change from disk to sphere 
which occurs when washed mammalian red cells are placed between two 
closely applied glass surfaces, such as slide and coverglass. This 
shape change was first observed by Hamburger in 1895.28 He thought, 
however, that it takes place when washed cells are freely suspended in 
a saline or a sugar medium. Brinkman and van Dam” corrected the 
original description by pointing out that the shape change does not 
occur unless the cells are placed in a hemacytometer chamber for 
counting or observation. They thought that the cause of the change 
is that the cells receive an electrostatic charge from the glass, an idea 
which was supported by McGlone,*° and by Kasten and Zucker,*! but 
which is now abandoned. The essential condition appears to be that 
the cells should be enclosed in a small volume of fluid between closely 
applied surfaces of glass (not surfaces of quartz or plastic), the phe- 
nomenon being seen to its best advantage when a small drop of a sus- 
pension is placed between a glass slide and a glass coverslip. The cells 
then turn from disks to spheres without change in volume, passing 
through the various stages of crenation as they do so, and the rapidity 
with which the transformation occurs depends on how closely the sur- 
“faces are applied, z.e., on the surface-volume relations in the system. 

The change in shape from disk to sphere is due to two factors: the 
diffusion of alkali from the glass surfaces, so that the pH of the medium 
surrounding the cells rises to 10 or 11, and the adsorption of an “anti- 
_sphering factor” on the glass.*? This substance is derived from the 
cells. It cannot be removed from them by washing in saline, but can 
be removed by running a cell suspension over glass beads, on which it 
is adsorbed. The cells of the bulk of a suspension treated in this way 
become spheres at pH 9, whereas cells in the bulk of an untreated sus- 
pension do not sphere until the pH is raised to between 10 and 11. The 
anti-sphering substance has been identified as the carbohydrate-poor 
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fraction of serum albumin,” and so is present in serum or plasma. For 
this reason, the shape change does not occur between slide and cover- 
glass if serum is present, and the addition of serum, even diluted 1 in 25, 
brings about a change from sphere to disk if spheres are present 
initially. 

The quantity of anti-sphering substance taken up by red cells pre- 
viously deprived of it by adsorption of the substance on glass is about 
800 mg./100 ml. of cells. This quantity is sufficient to form a layer 
about 50 A thick at the red cell surfaces, and so would be an important 
component of a surface ultrastructure which is only some 200 A in 
- thickness, It is remarkable that the taking-up of such a large quantity 
of the substance does not change the electrophoretic properties of the 
cells,** which suggests that the substance does not merely form an 
adsorbed layer, but passes beneath the surface to fill specific places in 
the ultrastructure and, thus, to contribute to the maintenance of the 
discoidal shape. 


Shape Changes and Volume Changes in Hypotonic Media 


While hemolysis by saponin and other chemical lysins involves a 
shape change from disk to sphere, lysis in hypotonic media involves 
both shape changes and volume changes. 

a. Shape changes. When red cells are examined in slightly hypo- 
tonic plasma, the increase in volume is found to be accompanied by 
different shape changes in the case of different cells. Some retain 
their biconcave shape, increasing in volume by increasing their thick- 
ness uniformly, or by becoming a little thicker at the ends. Others 
become cup-shaped, and still others spheroidal. If the cells show 
crenation in an isotonic medium, the crenation may persist in the hypo- 
tonic medium, so that a crenated cell may be seen side by side with a 
cup-shaped or a spheroidal one. The most superficial observation 
shows that the individual red cell does not behave like a balloon sur- 
rounded by a uniform and non-elastic membrane. The behavior of 
the cells even suggests that their structure may be sufficiently rigid to 
resist deformation to an appreciable extent. 

As swelling proceeds, the diameter of the average cell decreases about 
8 percent. This would be expected of a spheroidal body invested with 
an elastic envelope, and, if we trace the changes in shape and area 
which accompany swelling, we get a diagram which is incompatible 
with anything except a body with rigidity of form.** We find that the 
area of the cell increases very slightly as swelling proceeds, and that the 
increasing volume is accommodated through a decrease in the length / 
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thickness ratio (a/b ratio); the constancy of the surface area must 
mean that the extensibility of the cell surface structure is not great. 
As swelling continues, a point is reached at which some structure gives 
way suddenly, so that the cell becomes a sphere. This sudden change 
in shape involves a decrease in the cell surface. With further swelling, 
the radius of the sphere increases, until lysis takes place at what is 
known as the “critical volume.”” It has been shown that this critical 
volume is reached when the surface area of the sphere is just equal to 
the surface area of the original disk.**: ** This is probably true only in 
a general sort of way, because the critical volume is larger under some 
circumstances than under others, e.g., in the guinea pig after splenec- 
tomy,*” or in the rabbit when the cells are suspended in hypotonic 
plasma, instead of in hypotonic saline.*® 

When the critical volume is reached, the cell hemolyzes and the 
stretching forces disappear, but the hemolyzed ghost rapidly returns 
more or less completely to the biconcave discoidal form of the cell from 
which it was derived. This in itself is evidence that the fixed frame- 
work has elasticity and rigidity of form. It is remarkable, however, 
that the ghosts are unable to undergo disk-sphere transformations | 
upon the addition of lecithin, of saponin or the bile salts, or of rose 
bengal.2? Some factor necessary for sphering seems to be missing. 
We shall see later that the absence of forces generated in the cell in- 
terior is probably responsible for the difference in behavior. 

b. Volume changes. Let us assume that the mammalian red cell is a 
balloon-like body, invested with an envelope or membrane which does 
not appreciably resist the changes in volume brought about by osmotic 
forces. Let us also assume that its interior is initially in osmotic 
equilibrium with the surrounding medium (plasma), and, further, that 
the volume changes which take place in a hypotonic medium are the 
result of the transference of water alone and are unaffected by the high 
concentration of hemoglobin in the interior. On these assumptions, 
we can derive the new volume of the cell in a medium of tonicity T: 

: 1 

V= w(t _ 1) + 100. 
Here the initial volume of the cell in an isotonic medium is denoted by 
100, the percentage of water by W, and the tonicity T is defined as the 
ratio of the depression of freezing-point of the suspension medium to 
the depression of freezing-point of the plasma itself. If the osmotic 
behavior of the red cell can be described in this very simple way, we 
refer to it as a “perfect osmometer.” The following relation between 
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volume and tonicity, for example, would be found for a perfect osmom- 
eter With W = 70:— : 


p 1.0 0.9 0.8 0.7 0.6 0.5 
V 100 108 117 130 147 170 


There has been a great deal of controversy as to whether or not the 
mammalian red cell behaves in this way. The question has been com- 
plicated by uncertainties about the reliability of methods for measur- 
ing red cell volume, but the whole matter may be summed up*® by 
saying that the erythrocyte sometimes behaves as a very good, if not 
perfect, osmometer, but that it sometimes swells to a smaller extent, so 
that 


= rw(4 e 1) + 100, 


where R is a constant (sometimes a function of 7) which has to be 
introduced ‘“‘to reconcile observation with simple osmotic theory.” 
For R = 0.5, for example, the relation between V and T for a cell with 
W = 70 would be: 


oe 1.0 0.9 0.8 0.7 0-65 Uo 
V 100 104 109 115 126 135 


More specifically, it has been found that red cells from heparinized*® or 
defibrinated*® blood behave as almost perfect osmometers (R = 0.9 
to 1.0), whereas cells from oxalated blood behave as osmometers with 
R = 0.5 to 0.7. Cells in hypotonic plasma also behave as better 
osmometers than cells in hypotonic saline.** In general, it seems that 
the value of R depends on the conditions under which the experiments 
are conducted. 

Several suggestions have been made as to the meaning of the con- 
stant R. The first is that it measures the fraction of the cell water 
which is free, the remainder being bound. To account for the observed 
variations in R, this explanation requires that the quantity of free 
water shall vary from about 50 per cent of the total cell water to about 
100 per cent of it, and in the normal red cell it is very doubtful whether 
more than about 5 per cent can be considered bound.*!: # The second 
explanation is that the cell reaches osmotic equilibrium by losing os- 
motically active substances, as well as by gaining water, the fraction of 
the total osmotically active substance lost being (1 — R)(1 — 7). 
The quantity of salts lost from red cells into hypotonic media, however, 
is much smaller than this explanation requires.’%: 3% 4.44 A third 
explanation is that much of the anomalous osmotic behavior is due to 
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_ the osmotic properties of hemoglobin, since the osmotic activity-con- 
_ centration curve for hemoglobin is convex to the concentration axis, 
even though the concentrations are expressed in terms of the water 
_ which is solvent water for crystalloids.4 

Each one of these explanations for the anomalous osmotic behavior 
_ has its place in the complete statement as to how the cell swells in hypo- 
tonic media and shrinks in hypertonic media. A still more important 
condition, however, appears to be the presence or absence of crenation. 

The crenation seen in hypertonic, isotonic, and hypotonic media must 
not be confused with that other crenation which occurs as the disk 
turns into the sphere when lysin is added, or when the cells are enclosed 
between glass surfaces. The latter is a fine crenation, which becomes 
finer and finer until the cell is a smooth sphere, whereas the former is a 
coarse crenation which corresponds to a local gelation of hemoglobin.“ 
Nor must it be thought that crenation is accompanied by a diminution 
of cell volume. This idea has been completely abandoned, and we 
now regard crenation as a loss of the ability of the cell to maintain its 
special shape. The importance of the coarse form of crenation lies in 
the fact that there is a relation between the extent of crenation, as ob- 
served microscopically in preparations of red cells in heparinized and 
oxalated plasma, and the R-value obtained by measurement of their 
swelling in the same plasma, when it is rendered hypotonic.” Cre- 
nated cells have a uniformly lower R-value, and one way of accounting 
for this is to say that such célls swell as if they were elastic bodies with 
a bulk modulus of the same order as that of 2 per cent gelatin, instead 
of swelling as perfect osmometers. Generally speaking, the less the 

crenation, the higher the value of R, until we arrive at the case of the 
- totally uncrenated red cell from heparinized or defibrinated blood. 

The swelling of this cell in a hypotonic medium may be so like that of a 
perfect osmometer that we cannot detect the very small resistance 
~ offered by superficial and internal structures. 

c. Paracrystalline rat red cells. An extreme case of anomalous os- 
motic behavior which is clearly associated with gelation occurs when 
rat red cells in isotonic citrate are kept at low temperatures (4° to 

9° C.). The resistance of the cells to hypotonic hemolysis increases 80 
that, after several days, very little swelling is observed in hypotonic 
media, and the cells do not hemolyze even in distilled water.*8 In 

this and in other respects, they behave as if they were gelated or 
paracrystalline, but the paracrystalline state is reversible, disappearing 
on warming to 37° C. and reappearing within a few minutes when the 
cells are cooled again to 4° C, The failure to swell in hypotonic media 
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cannot be due to the cells losing K to such an extent that the concen-— 
trations are equal inside and outside, for the concentration of K is at 
least 20 times as great inside the cell as in the hypotonic medium, and 
the failure to hemolyze seems to be due to the activity of K in the para- 
crystalline cell interior approaching zero. These paracrystalline red 
cells do not undergo disk-sphere transformations, probably because 
they are too rigid. Lysis by saponin and similar lysins occurs without 
sphere formation, and a granular debris is left behind. The best evi- 
dence that these changes in the properties of the cell are really due to 
new molecular arrangements in their interior is that they are strongly 
birefringent. On their being warmed, the birefringence disappears 
except at foci along the rim, and the usual osmotic properties of the 
cell reappear. On cooling, the birefringence develops throughout the : 
entire cell. It is this reversibility of state, from that which charac- 
terizes the normal cell to that of the paracrystalline disk, which consti- 
tutes the point of greatest interest, for the paracrystalline form and the 
normal disk can now be regarded as two metastable states of the same 
cell. The molecular arrangements in the paracrystalline red cell are 
more orderly than those in the hemoglobin crystal, while the arrange- 
ments in the normal disk are probably more orderly than those in a 
hemoglobin solution. In considering the behavior of the erythrocyte 
in hypotonic media of various tonicity and electrolyte content, it has 
been customary to approach the problem from a very simplified osmotic 
standpoint, 7.e., of what would occur in dilute solutions separated by a 
membrane. Since, however, the normal disk is a form which passes 
spontaneously and reversibly into the paracrystalline form, it is just as 
valid to approach the problem from the standpoint of what would 
happen in an expanded crystal. Here the activity of K would ap- 
proach zero, and the R-value, obtained from measurements of swelling, 
would also approach zero, as in the paracrystalline rat red cell. In the 
normal disk from heparinnen or defibrinated blood, on the other hand, 
the activity of K would approach its value for a 34 gm./100 ml. hemo- 
globin solution, and the R-values would approach unity. Between 
these two extremes, all sorts of values are possible, these depending on: 
(1) the extent to which the paracrystalline state develops in the in- 
dividual cell, and (2) the fraction of the total number of cells involved 
in the change. As all values of R between 1.0 and zero have now been 
obtained experimentally, we seem to have a continuous series of states 
in the red cell interior, and, perhaps, at the surface as well. The os- 
motic and other properties characteristic of one state seem to pass into 
those of the next in a continuous and reversible way. 
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The Interior 


_ The most striking feature of the red cell interior is the intimacy 
with which the hemoglobin molecules must exist with respect to each 
other. Since the concentration of hemoglobin in the red cell is about 
34 gm./100 ml., the percentage of the total volume of the cell occupied 
by hemoglobin must be about 25 per cent (density of Hb., 1.35). The 
volume occupied by water is about 70 per cent, thus leaving about 5 
per cent of the space for all the other constituents of the cell. The 
volume occupied by hemoglobin works out as a somewhat larger figure 
if the calculations are based on the x-ray dimensions of the molecule, 
probably because it is hydrated.4. The intimacy of the contact of the 
hemoglobin molecules will be appreciated if we visualize each one as 
surrounded by a shell or atmosphere, and then calculate how thick this 
shell can be before it comes into contact with neighboring shells. The 
cell of 90u3 volume contains 2.76 x 108 hemoglobin molecules, so the 
volume per molecule is 32.6 x 10¢ A’, Supposing the molecule to be 
spherical, the radius of each works out as 29.6 A. The whole volume, 
however, would be filled with the same number of rigid spheres of 38:A 
radius in hexagonal packing. Hence, the thickness of the hypothetical 
shell surrounding each hemoglobin molecule is about 10 A. When we 
go out from the surface of a molecule for more than 10 A, we enter the 
shell of one of its neighbors. Accordingly, if we remember that the 
radius of the hydrated Na ion is about 2.6 A, it will be easy to appre- 
ciate that ions, etc., present in the shells will be subject to conditions 
very different from those which prevail in dilute solution. Simplified 
osmotic laws are not likely to apply to such a system, and the ease with 
which gelation can occur will be apparent, for the wet hemoglobin 
erystal contains about 50 per cent of water by volume, and the entire 
water content of the erythrocyte is only 70 per cent. Gels of human 
hemoglobin can, therefore, be obtained when the concentration of the 
hemoglobin is 63 gm./100 ml. This may constitute the reason for the 
finding of both Gough‘? and Krevisky®° that only some 50 per cent of 
the red cell water is removable by any osmotic gradient which they 
were able to establish. 

The idea that “hemoglobin is held in the corpuscle by union with the 
membrane” is now abandoned. Such a surface concentration of hemo- 
globin was originally suggested by Burker®! on the basis of a supposed 
relation between the area of erythrocytes of different animals and their 
hemoglobin content, but the correlation itself was calculated from al- 
together unsatisfactory measurements of area,” and if there is any rule 
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regulating the amount of hemoglobin in red cells in the mammalia, it is ' 
that the hemoglobin per unit volume tends to be constant.” Drabkin’s 
computation that only 2 per cent of the hemoglobin in the human red 
cell can be anchored at the surface ought to settle this matter beyond 
further dispute. 

It is very much more difficult to decide the question as to whether 
the interior of the erythrocyte contains a structural component other 
than hemoglobin. If stromatin has the characteristics described by 
Boehm,!' i.e., if its molecules are very asymmetrical and can form gels 
in concentrations of less than 0.5 per cent, it would be possible to form 
a network of stromatin molecules, winding among the hemoglobin 
molecules, with the small amount of protein left over from the amount 


relegated to the surface structure. At this point, we should remind — 


ourselves that our conception of the surface structure is itself in doubt, 
and that the quantity of protein available to be spread through the 
interior may not be so small after all. Boehm’s description of the 


physical properties of stromatin has, furthermore, been questioned.’ ~ 


At first sight, one would think that the matter could be settled by ob- 
serving whether the hemolyzed ghost is an empty bag-like structure or 
a solid gel-like structure. Unfortunately, it sometimes seems to be 
the one and sometimes the other. The impression gained by Furchgott 
(microscopical examination"), by Zwickau (observations with the 
ultramicroscope!’), and by Waugh and Schmitt (leptoscopic examina- 
tion!®) is that there is no internal structure in hemolyzed ghosts, and 
that the biconcave discoidal shape of the watery ghost depends on the 
architecture of the surface components. This does not preclude there 
being, in the intact cell, an internal structure or ‘cytoplasm’ which 
breaks down when the cell hemolyzes, leaving an empty bag. When 
one examines the red cell ghosts described by Teitel-Bernard (micro- 
dissection studies“), the ghosts of the paracrystalline red cells,*® or the 
unhemolyzed erythrocytes pierced by glass spicules, one has some 
difficulty in accepting the view that the interior is empty. A variety 
of such observations suggest, somewhat uncertainly, that the interior 
possesses structural components. 

a. The best evidence in favor of a “cytoplasm” comes from the ob- 
servation that some red cells are only partially hemoglobinized. The 
hemoglobin of the red cells in Cooley’s anemia, and in some cases of 
hypochromic anemia, is not uniformly distributed. Such cells contain 
areas apparently composed of a colorless material. Further, in the 
human hypochromic erythrocyte, in which the distribution of hemo- 
globin is uniform, some of the space which would normally be filled 


‘PONDER: RED CELL CYTOCHEMISTRY AND ARCHITECTURE 599 


‘with pigment is occupied by another substance of about the same den- 
sity.! It is possible that this is a colorless hemoglobin precursor. 
Similarly, the delicate, colorless material seen on the inside of the curve 
of the meniscocyte of sickle cell anemia may be a hemoglobin-free 
matrix, although it could be composed of two layers of surface ultra- 
structure in apposition, with no hemoglobin-filled ‘interior’ between 
them. The interest attached to these observations lies in their show- 
ing that some types of red cell have at least two microscopically separa- 
ble components, one of which is colorless and may be a cytoplasmic 
matrix. This matrix material may be what is referred to in the older 
literature as “proteins other than hemoglobin,” sometimes amounting 
to as much as 7.8 gm./100 ml. in the sheep®’ and 4.3 gm./100 ml. in the 
dog.** A very convincing demonstration of the heterogeneity of struc- 
ture has recently been provided by Beams and Hines,* who have strati- 
fied the rat red cell into three components with the ultracentrifuge. 
One of these is presumably hemoglobin, but the other two have not yet 
been identified. Because of this complexity of composition, the possi- 
bility that the red cell may contain a matrix or network of a protein 
such as stromatin has to be seriously considered. _ 

b. The possibility of such an intracellular matrix, together with the 
difficulty with which red cells are freed of hemoglobin after they have 
been hemolyzed, has suggésted to some investigators that the interior 
of the cell is composed of a hemoglobin-stromatin compound which 
breaks down when lysis occurs. Some physiologists, indeed, have gone 
to the length of saying that the phenomenon of lysis consists in the 
breakdown of such a compound, rather than in the membrane of the 
cell becoming permeable to,hemoglobin. Once again, we are on very 
controversial ground. Sonie years ago, it was thought that positive evi- 
dence for the existence of a‘hemoglobin-stromatin compound had been 
obtained by the observation that the absorption band which appears 
around 4300 A (the Soret band) in the spectrum of hemoglobin in solu- 
tion is greatly reduced in intensity, or absent, in the spectrum of the 
intact red cell.5? This result has been traced to purely technical 
difficulties in the spectrophotometry of hemoglobin solutions and red 
cell suspensions, ** °? and it now appears that the pigment in the, cell 

“has substantially the same absorption spectrum as it would havéan a 
solution of the same concentration. 
c. The concentration of hemoglobin retained by a bag-like structure 


would be expected to be the same as that in the surrounding medium, 


but the quantity found in the hemolyzed ghost is from 1.2 to 3.8 times 
greater, depending on the amount of water used to bring about hemo- 
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lysis.’ The additional quantity, or the “surplus hemoglobin,” would 
make up 4 to 14 monolayers at the surface of the ghosts. This figure is 
so high that it suggests that the pigment may be attached to a structure 
which is more extensive than the surface ultrastructure. This could 


be an internal network to which the hemoglobin might be bound, but. 


the observation is not conclusive as to whether even a part of the pig- 
ment is held in the intact cell in combination. 

d. The remainder of the evidence bearing on a possible combination 
between hemoglobin and another. structural component of the cell is 
very indirect. Roepke and Baldes* have observed that dog and horse 
hemoglobin undergoes a change of state after hemolysis, so that it 
crystallizes in mixtures of cell contents and plasma, while before hemo- 
lysis it is completely dispersed, in greater concentration, in the intact 
cell. This suggests that the pigment in the cell is not in a state of sim- 
ple solution. We may remark that, if it were, it would be expected to 
have a higher osmotic pressure (380 mm. Hg at 0° C.) than it appears 
to have. Emphasis has also been placed on the fact that, in erythro- 
cytes, hemoglobin does not appear to occur in concentrations greater 
than about 35 gm./100 ml., although this is not the upper limit of its 
solubility. This has suggested to some observers that it is not present 
in simple solution. Lastly, the small rate of metabolism of the intact 
red cell, (10 to 20 mm*./gm./hr.) becomes greatly increased for a short 
time after the cells are hemolyzed,® and this suggests that the intact 
cell contains substances which are kept apart by some spatial arrange- 
ment, and which react energetically when allowed to mix freely. 

Even if there is no material other than hemoglobin in the red cell 
interior, it is possible that the interior has a structure, because the 
asymmetrical hemoglobin molecules are not only very close to each 
other but also preferentially oriented, so that the forces between them 
are greater in one direction than in another. This idea, which is by 
no means new so far as an explanation for the shape of the red cell is 
concerned, is conveniently approached through the consideration of 
the sickling phenomenon. 


The Sickling Phenomenon 


The reversible phenomenon of sickling, in which mammalian red 
cells in wet sealed preparations lose their biconcave discoidal form and 
become like crescent moons or sickles, occurs in man in the pathological 
condition of sickle cell anemia, and also, without associated pathology, 
in the condition known as the sickle cell trait. The first of these condi- 
tions is familial, and the difference between it and the trait is probably 
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only one of degree. Sickling is not confined to man, for it has been 
observed both in deer® and in elks. Since the red cell which finally 
undergoes sickling is a biconcave disk indistinguishable in appearance 
from the normal erythrocyte, it is convenient to refer to it as a prome- 
niscocyte, the sickle cell itself being called a meniscocyte. 

Sickling is primarily due to the decline of O» tension in the sealed 
preparation of promeniscocytes, as a result of red cell and white cell 
metabolism.™: 6° After a period of time which varies with the 
thickness of the preparation, the temperature, and other factors, the 
promeniscocyte undergoes a decrease in its rigidity, so that it moves 
like a droplet of oil with currents in the fluid surrounding it. The 
decrease in rigidity is followed by a thinning of the rim of the cell on 
one side, and by a thickening on the other. These preliminary changes 
may take several minutes. The thinning process goes on until con- 
tinuity breaks down at one spot on the rim. The newly-formed ends 
then separate, as a result of a straightening-out of the arc between 
them, and the material of the biconcavity is stretched out into a thin 
sheet lying on the inside of what was originally the thickened part of 
the rim. This sheet expands at its unsupported edge into a series of 
colorless, veil-like projections. Meantime, the straightening-out of 
the arc is accompanied by a contraction along its length until the typi- 
cal meniscocyte is formed, with the material of the biconcavity lying 
within the curve of the sickle. The tips of the sickle may terminate in 
one or more long filaments, and additional filaments may be seen pro- 
jecting from the veil-like material which was derived from the material 
of the biconeavity. The whole shape change, from the first breakdown 
of the rim to the completion of the transformation, takes place in about 
a second. Once the sickle cell is formed, no further shape change 
occurs, unless the shape transformation undergoes reversal. 

The reversal of sickling. This occurs when the Os» tension in the 
_-preparation of sickle cells is increased, and the events observed are 
those of the sickling phenomenon in reverse. The are between the 
points of the sickle becomes longer and more pronouncedly curved, and 
the material of the biconcavity follows the changes in curvature so as 
to fill in the curve. The free edge of the material becomes smooth, 
partly by its irregular projections breaking off, and partly by their 
rounding up. The curvature increases until it is almost that of a circle, 
the points of the arc coming nearly into contact, and the material of the 
biconcavity filling in the interior of the ring more and more completely. 
At this stage, the entire cell appears turgid and under tension. The 
points then touch, and the discoidal form is re-established, a small 
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globule marking the place at which the points join. The position of 
this globule, however, does not determine the spot at which the ring 
will open up if sickling occurs again, for the thinning of the rim may 
take place at any point on its circumference. : 

Disk-sphere transformations. The disk-sphere transformations which 
occur in promeniscocytes are identical with those which occur in normal 
discoidal red cells, whether studied between glass or plastic surfaces. 
The effect of lysins, etc., on the promeniscocyte has to be observed in 
hanging drops in a chamber in which the O: tension can be varied.* 
On the addition of lecithin, rose bengal, or saponin, the sickles turn into 
spheres, by a process very like that of the reversal of sickling. They 
then hemolyze and fade from view. Sometimes the fading occurs first, 
and the sickle becomes a sphere after losing its pigment. Sometimes 
the sphering occurs before the hemoglobin is lost. When lysis of the 
meniscocytes is brought about by water, the ghosts are discoidal, and 
the rule seems to be that meniscocyte ghosts are never themselves 
sickle-shaped. The reason for this seems to be that the formation of 
sickles depends on the presence of intracellular hemoglobin. 

Bearing on red cell structure. The disk-sphere transformations of the 
mammalian red cell have so far been accounted for in terms of an ultra- 
structure which has a biconcave discoidal form, due to the nature and 
orientation of its molecules, and to the forces between them. It has 
been suggested that the forces which maintain the cell surface in its 
extended discoidal form are repulsions between the side-chains of 
radially oriented cephalin molecules in the surface ultrastructure.27 
On the other hand, they have been thought of as associated with pref- 
erential orientations of hemoglobin molecules in the interior.®»® The 
events noted in the phenomenon of sickling make it now seem likely 
that the special shape is determined by the properties of the surface 
structure and by those of the interior as well. Thus, we now have three 
sets of forces to consider. 

Type 1. The forces of surface tension, which tend to produce the 
spherical form. Two surfaces, one on the outside and one on the inside 
of the surface structure, have to be considered. 

Type 2. The intermolecular forces in the surface structure, which tend 
to maintain it in a biconcave discoidal form, with a surface about 30 
per cent in excess of the minimum for the enclosed volume. 

Type 3. Forces in the interior associated with hemoglobin. These are 
“expansive” or “turgor-producing,” and tend to distort the surface 
ultrastructure into the forms assumed by the sickle cell. In the cell 
which undergoes sickling, the magnitude of these forces increases as the 
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O» tension falls, and as the hemoglobin passes from its dispersed state 
in the promeniscocyte to the paracrystalline state™ in which it exists 
in the sickle cell. 

With these forces acting upon it, the normal discoidal form can be 
regarded as one of three metastable forms, in which rigidity of the 
ultrastructure is sufficient to resist deformation by either the forces of 
surface tension (Type 1), or by such turgor-producing forces as are 
associated with its oxyhemoglobin (Type 3). If the turgor-producing 
forces are strong enough, as when the hemoglobin is reduced, and the 
ultrastructure weak enough, as in the promeniscocyte, the forces tend 
first to break, and then to distort, the C-shaped rim of the cell into the 
forms which the meniscocyte successively assumes. Diminution of 
the forces of Type 3, by the oxygenation of the hemoglobin and its 
passage from the paracrystalline state into the dispersed state, allows 
the intermolecular forces in the surface ultrastructure to re-establish 
themselves, and the discoidal form of the cell is restored. Looking in 
the opposite direction at the change from disk to sphere, the forces of 
surface tension (Type 1) are not strong enough to overcome the rigidity 
of the surface structure (forces of Type 2), unless the latter are first 
weakened by the action of lysins or by the removal of the anti-spher- 
ing substance. When this happens, however, the forces of Type 1 are 
not only unopposed by the forces of Type 2, but are actually aided by 
the weak forces of Type 3 associated with oxyhemoglobin, and so bring 
about the spherical form.’ The observation that the watery ghost does 
not become a sphere on the addition of saponin, rose ‘bengal, or leci- 
thin® is accounted for, in this hypothesis, by the absence of forces of 
Type 3 from the ghost, while the forces of Type 1 are equalized on the 
inside and the outside of the surface structure. 

While the nature of the forces associated with hemoglobin, either 
in its oxy form or in its reduced form, is at present unknown, and while 
- it may turn out that the hemoglobin of the promeniscocyte is as pecu- 
liar as its ultrastructure is unstable, the idea of asymmetrically ar- 
ranged forces between the hemoglobin molecules has been put forward 
on several occasions as an explanation for the shape of the mammalian 
red cell. In its simplest form, the hypothesis states that the closely 
packed molecules of hemoglobin are spheroidal or plate-like, and that 
they tend to orient themselves in the equatorial plane of the cell SO as 
to make up a liquid crystal with a lamellar structure. The biconcave 
shape of the cell is supposed to result from the tendency of the hemo- 
globin molecules to arrange themselves in this particular way.® 6 The 
observation that the watery ghost is a biconcave disk is fatal to the 
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hypothesis in this simple form. In order to retain it, we have to 
modify it by saying that the preferential arrangement of the hemo- 
globin molecules impresses its pattern on the molecules of an intra- 
cellular matrix, and on the surface ultrastructure, as if it were a tem- 
plate. If this were so, it would be possible to remove the hemoglobin 
by hemolysis and yet retain a biconcave discoidal body, although 
the origin of the shape might still be said to lie in the arrangement of 
the molecules of hemoglobin. 

A preferential arrangement of hemoglobin molecules is likely 
enough in itself, because of the shape of the molecules and their close 
packing. However, it does not appeal to me as being the fundamental 
factor which determines the shape of the erythrocyte, because the 
biconcave discoidal form is only one of a large number of shapes to be 
accounted for. Mammalian red cells are not always circular biconcave 
bodies. In some persons they are distinctly oval. In the familial 
condition of ovalocytosis, they are biconcave ovals, with the long axis 
almost twice as long as the short axis.7° All the cells, moreover, are 
not oval; some are circular, and some are shaped like bottles, bananas, 
and sausages. These cells, nevertheless, undergo the usual disk-sphere 
transformations.” If the primary factor determining the shape of the 
oval or bottle-shaped cell is still the arrangement of the hemoglobin 
molecules, the effect of this arrangement must be greatly modified by 
other factors, e.g., by the configuration of a surface structure, or of an 
internal matrix.. Again, in the case of the poikilocyte, there must be 
additional conditions which modify the factors determining the normal 
discoidal shape. That some parts of the poikilocyte are more rigid 
than others, is shown by the observation that, when a poikilocyte with 
a long “‘pseudopod” spheres up, the ‘‘pseudopod”’ is retained, attached 
to the spherical body of the cell, for some time before it is incorporated 
into the sphere.2”_ There is certainly not a clear case for the form of the 
cell being wholly, or even very largely, determined by the orientation of 
hemoglobin, and I do not think that the form of the cell can be ac- 
counted for in any such simple way. In particular, it is not likely to be 
understood without a consideration of the shapes of its precursors. 


Changes in Structure during Development 


Development through the stage of the erythroblast to that of the 
normoblast, which is rather a process of maturation than one involving 
successive mitoses, probably takes less than a day, while the length of 
time passed in the normoblast stage is about 2 days.”2 The normo- 
blast is a spherical or spheroidal cell which loses its nucleus by kary- 
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olysis, often preceded by pyknosis, and occasionally by fragmenta- 
tion. Extrusion of the nucleus, or of fragments, is sometimes observed, 
but this is not a part of the normal process. It was once thought that 
the flattening of the cell and the appearance of the biconcavities are 
related to the loss of the nucleus,” but it has been shown that nuclear 
hydrolysis is not immediately followed by the change in shape,7* and 
that the flattening and the appearance of the biconcavities occur later. 
These observations should be confirmed and extended. In this con- 
nection, it should be mentioned that, in cases of ovalocytosis, the 
normoblasts are not oval but circular,” and even the reticulocytes are 
circular, rather than oval, disks.7°: 7! 

In the reticulocyte, the next cell in the developmental series, the 
fixed framework is from 2.5 to 4.5 times greater than in the orthochro- 
matic cell, although this figure may include an unknown amount of 
denatured globin when the reticulocytes are produced by phenylhydra- 
zine.*> Such reticulocytes contain more lipid than do normal red cells, 
but the total lipid, cholesterol, phospholipid, and neutral fat does not 
differ appreciably from normal when calculated on the basis of the red 
cell surface, which is increased in the reticulocyte. The density of the 
cell is less than that of the mature cell, and so it presumably contains 
more water. It is also stickier than the orthochromatic cell, and so, 
presumably, its surface properties are different in spite of the similarity 
in lipid composition. The shape of the cell is that of a biconcave disk, 
and it undergoes disk-sphere transformations on the addition of leci- 
thin, in the same way as the orthochromatic cell, except that the retic- 
ulocytes remain crenated after the non-reticulated cells have become 
spherical, some structure apparently constraining the surface so as to 
produce puckering. One gets the impression that the structure re- 
sponsible is the strands which stain with brilliant cresyl blue. If the 
_ cells of a preparation stained with this dye are hemolyzed by saponin, 

each reticulocyte fades, but the stained reticulum is left behind, with 
each strand in the same relative position as before. Thus, there can 
be no doubt that the reticulum is a “solid” structure.’ As regards its 
composition, it has recently been shown that it is composed of, or con- 
tains, derivatives of ribose-nucleic acid, which is present in red cells 
in a variety of labile states related to a variety of manifestations of 
basophilia.” The life of the reticulocyte in vivo is only from 1 to 3 
days, for the reticulum disappears, both in vivo and in vitro, and the 
mature orthochromatic cell results. A reticulocyte-ripening factor, 
effective in vitro, has been demonstrated.’’ It consists of a thermo- 
stable fraction identified as tyrosine, and a thermolabile factor which 
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has not yet been identified. It exists in a preformed state in spleen 
and marrow, and particularly in stomach. 

Once the cell has reached the orthochromatic stage, it is doubtful if 
there is any property which can be used as a reliable indication of its 
age. There are observations which suggest that young cells have a 
lower density than old ones, and it has been thought, on the basis of 
their flatter shape, that the cells which are the most resistant to osmotic 
hemolysis are the youngest ones. It has also been suggested that the 
youngest cells are the most resistant to lysis by substances of the 
saponin class, the underlying idea being that red’ cells in vivo are 
continually acted upon by in vivo hemolytic systems, so that the 
youngest cells, which have been exposed to the action of in vivo lysins 
for the shortest time, are the most resistant zm vitro. The same 
general hypothesis has been used to account for the variations in red 
cell shape in various pathological conditions. The suggestion is that 
the young red cell is a very flat body, the platycyte, and that, as a 
result of the action of substances produced in the spleen and perhaps 
elsewhere, it becomes less flat, acquiring the shape of the normal eryth- 
rocyte as we recognize it, and that it finally becomes a spherocyte and 
hemolyzes. On this hypothesis, both the shape of the cell and its a/b 
ratio would depend on the length of time during which intravascular 
lysins had acted on it, and so would indicate its age. There are, of 
course, other possibilities which would account equally well for the 
different shapes of the red cell (platycyte, target cell, spherocyte, etc.) 
which are found in pathological conditions, particularly if we recognize 
an endocrine control of the processes of production in the bone marrow. 

This short and necessarily fragmentary description of the changes 
which accompany development will illustrate the point that there are 
many questions about red cell structure which cannot be answered by 
examining the mature orthochromatic erythrocyte alone. 


RED CELL CYTOCHEMISTRY AND ARCHITECTURE 
IN DISEASE 


Studies of the cytochemistry of red cells in pathological conditions 
are complicated by the fact that the methods which are used provide 
average values only. There is no way of ascertaining with certainty 
the contribution which each kind of cell makes to the average. <A high 
value for the fixed framework, for example, may be the result of the 
fixed framework in all the cells being increased, of the population con- 
taining a large number of reticulocytes, or of both. Separation of the 
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cells into their types seems to be the only practical way out of the 
difficulty. 


So many points relating to the red cell pathology will be discussed 


_ later in this publication that it is sufficient, in the meantime, to mention 


the principal directions along which progress is being made. 


Variations in Physical Properties in Disease 


The division of the anemias into macrocytic, normocytic, and micro- 
cytic has simplified the subject greatly, and the practice of making the 
distinction on the basis of red cell volume, rather than on the basis of 
red cell diameter, not only avoids the uncertainty as to the diameter of 
the cells on dried films, but provides data from which the mean cor- 
puscular hemoglobin concentration can be found when the hemoglobin 
content of the blood is known in gm./ml.7* ® *. Hematologists now 
make these calculations as a matter of routine. 

Descriptions of red cell shape have come into prominence recently 
in connection with platycytes, target cells, and spherocytes, the signi- 
ficance of which will be discussed later in this work. For most of the 
purposes of clinical hematology, it is sufficient to find the mean diame- 
ter and the mean thickness of the cells, treating them as short cylinders. 
Platycytes and spherocytes, like poikilocytes, can usually be recognized 
in stained material, but many artifacts can be avoided by using fresh 
preparations in plasma when questions of shape are involved. More 
information would be gained in the long run if volumes, diameters, 
thickness, and so on, were actually measured by the many excellent 
methods which have been devised for the purpose, but there seems to be 
a reluctance to use methods which are beyond the skill of the average 
hospital technician. Clinical hematology, in consequence, is suffering 
as a science. 


Variations in Chemical Composition in Disease 


Apart from the variations in mean corpuscular hemoglobin and mean 
corpuscular hemoglobin concentration, on the basis of which anemias 


-are classified, our information about the variations in the composition 


of the red cell in disease is quite small. Some ten years ago, a very 
promising investigation into the chemistry of the erythrocyte and of the 
red cell ghost was begun in the Research Laboratories of the Children’s 
Fund of Michigan, but was interrupted by the death of Betty Nims 
Erickson. The completeness with which this research was planned is 
very impressive, and the individual papers which describe what was 
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accomplished will remain a source of reference for a long time to 
come. : 82—87 ; 

In anemia, the principal changes met with in the erythrocytes are an 
elevated cation content, alterations in the proportions of the various 
lipids, and an increase in the quantity of protein other than hemo- 
globin. The increased cation content is due to an increase in Na and 
K. The anion content, as usually estimated, however, is diminished. | 
Even in the normal red cell, there are not enough anions in the form of 
chloride, bicarbonate, and hemoglobin to combine with all the base. 
Maizels®® has suggested that the excess cations are bound to an un- 
known anion X~-, which is probably acid-soluble phosphate together 
with glutathione. Erickson and her collaborators find that the excess 
base runs parallel with what they term the “undetermined weight,”’ 
which is obtained by subtracting the sum of the hemoglobin, water, 
total ions, and total lipid from the weight of the whole cell. The differ- 
ence will contain stromatin, phosphoric esters, and the other substances 
which are found in the cell in small amounts (sugars, creatin, glucu- 
ronic acid, enzymatic catalysts, etc.). Both the undetermined weight 
and the excess of cations over anions are increased in erythroblastic 
anemia, pernicious anemia, and the anemia of congenital hemolytic 
jaundice. 

The principal changes in the lipid fractions are a lowered concentra- 
tion of alcohol-soluble phospholipid, and an increase in cholesterol 
esters (except in erythroblastic anemia). Particular interest has 
been shown in the distribution of the lipids, because of the belief that 
permeability is related to the lipid content and to the proportion of the 
lipid fractions. These factors, no doubt, enter into the complete 
description of the differential permeability of the cell, but they do not 
do so in any simple way.'' 7° Erickson and her collaborators have 
also emphasized the point of view that the erythrocyte is not a “hemo- 
globinized corpse,’’ but a cell which can pass through states of lowered 
physiological activity, retrogression, and degeneration similar to those 
which occur in more highly organized tissues and cells, and that the 
changes in the lipid pattern in the anemias reflect changes in the physio- 
logical state of a living cell. Even the normal erythrocyte undergoes 
changes in its fatty acid and cholestérol ester content, after the absorp- 
tion of fat from the diet.% It would not be surprising to find that 
changes in chemical composition reflect changes in the metabolism of 
the erythron, if not of the erythrocyte, in disease. 

Average values for the lipid fractions found in the red cells in a 
variety of diseases are shown in TaBLp 3, but it should be mentioned 
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— Tasie 3 
Total Phomho- Alcohol bs Cho- Neutral fat 
lipids, pide soluble acne lesterol and cere- 
mig ex LO rime x 102 Doge ¢ | me-x 10-2 arr, ee brosides, 
per cell er cell 4 mg. x 10°" | mg. x 10°" 
P of total per cell per cell per cell 
ormal 399 233 80 120 19 “ue 
ickle cell : ' 
anemia 493 258 77 167 30 40 
ry thro- 
blastic 
anemia 795 326 86 181 BI - 285 
lemolytic rie 
icterus 359 185 63 112 29 42 
Typo- 
chromic 
anemia 368 207 76 119 19 29 
-ernicious 
anemia 
: (relapse) 414 217 70 191 95 20 
-oly- 
_ cythemia 
_ vera 631 407 — 140 14 75 
Normal 
dog 490 295 — 116 6 81 
Disulfide 
anemia 
dog 820 450 — 120 6 220 


that the variations about these average values are considerable. In 
experimental anemia in the dog,’° the protein-lipid ratio rises to 5.9 
instead of the normal 3.4, and the lipids themselves increase to nearly 
“double their normal value. This change is accompanied by. a 50 per 
cent increase in the fixed framework, but it is questionable whether the 
increases are an indication of anything other than an increase in the 
number of reticulocytes. 


Cell Inclusions 


The inclusions which occur under abnormal conditions (Howell- 
Jolly bodies, Cabot rings, etc.) do not furnish much information about 
red cell structure. There have been two views as to the origin of 
Cabot rings: first, that they are nuclear remnants, and second, that 
they are laboratory creations. Schleicher” has discussed the question 
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in detail, and has described experiments which show that the rings can 
be due to aggregations of denatured protein in cells which have been 
acted upon by lysins. Punctate basophilia also can be produced as an 
“artifact”’ by allowing defibrinated blood to stand at room tempera- 
ture. As autolysis proceeds, diffuse polychromatophilia changes to 
fine stippling, and this to punctate basophilia.” Experiments such as 
these suggest the same conclusion as that arrived at by Cooke,* who 
believed that punctate basophilia, polychromasia, and stippling are 
the morphological expression of denaturation and coagulation of the 
surface ultrastructure of the cell, and that, when they occur in freshly 
drawn blood, they are due to injury of the circulating red cells by 
lysins. Cooke was able to produce, in normal red cells, remarkable 
resemblances to the various manifestations of basophilia, and Schleicher 
has been able, by a special technique, to make replicas of Cabot rings in 
normal red cells. Demonstrations such as these, however, do not 
completely settle the question of the nature or significance of the struc- 
tures. The status of the Howell-Jolly body as a nuclear remnant is 
somewhat. more satisfactory than that of the Cabot ring. 

The nature and origin of the refractile granule found in about 0.5 
per cent of normal human red cells is not known. This granule stains 
with neutral red, and is apparently different from the superficially 


similar granules seen in red cells which have undergone sickling. The. 


Heinz-Ehrlich bodies observed after the administration of phenyl- 
hydrazine are probably masses of denatured globin. They should, 
accordingly, be classified along with the ‘endoglobular degenerations,”’ 
the significance of which, as evidence of a physico-chemical change 
occurring both in the red cell interior and at the red cell surface, has 
been discussed by Cooke” with reference to the erythrocyte of per- 
nicious anemia. 
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_ THE ENDOCRINE SYSTEM AND HEMOPOIESIS 


By ALBERT 8. Gorpon AND Harry A. CHARIPPER 


Department of Biology, Washington Square College of Arts and 
Science, New York University, New York, N. Y. 


In the past few years, experimental and clinical investigations have 
pointed to a possible relation between various endocrine glands and the 
process of hemopoiesis. More particularly, such glands as the pitui- 
tary, thyroid, adrenal, and gonads have been involved and appear to 
exert, either singly or in combination, a regulatory influence on certain 
phases of blood cell formation. It is the purpose of this report to re- 
view some of the more recent studies on this subject. The original 
work to be described represents the results of research begun in 1939. 
Associates of the authors who collaborated in these experiments were 
Miss Grace Finkelstein, Miss Patricia C. Kadow, Dr. Irving Leven- 
stein, Mr. Paul Steinglass, and Dr. Erwin P. Vollmer. 


THE PITUITARY 
1. Anterior Lobe 


The reports by Aschner! and Houssay et al.” that an anemic state de- 
velops following extirpation of the hypophysis, served to stimulate 
further and more extensive research on this problem. ‘The frequent 
occurrence of polycythemia as a part of Cushing’s basophilic syn- 
drome*: and the appearance of anemia in Simmond’s disease® have also 
suggested a possible role of the hypophysis in blood formation. The 
majority of the more recent experiments have been conducted in rats. 
Overbeek® reported no anemia following hypophysectomy in this ani- 

_mal, although later Overbeek and Querido’ observed a decrease in the 
numbers of erythrogenic elements in the bone marrow of hypophysec- 
tomized rats. Marked reticulopenia has also been reported,®: ° follow- 
ing hypophyseal removal. Extirpation of other organs such as the 
gonads, spleen, thyroid, or adrenal does not result in reticulopenia.° 
The existence of a post-hypophysectomy anemia in rats has been 
definitely established.*: 1°” Soon after the operation, there occurs a 
steady decline in red cell count and hemoglobin concentrations which 
attain values 60-70 per cent of normal approximately 2 months later!” 
(rIGURE 1). The anemia is of the microcytic hypochromic variety." 
Reticulocyte counts which ranged from 0.6 to 4.8 per cent in 38 normal 
rats drop to values less than 0.1 per cent as early as the second week 
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Figure 1. Mean values of erythrocyte counts and hemoglobin concentrations for 23 hypo- 


physectomized rats, 11 sham operated controls, and 5 normal unoperated rats on reduced diet 
(6 gm, ration daily). 


(From Vollmer, Gordon, Levenstein, & Charipper.’’) 


after the operation, thus confirming the experiments of Meyer e¢ al.® 
who interpret this reticulopenia as a certain indication of the com- 
pleteness of the operation. The occasional occurrence of higher reticu- 
locyte counts in the experimental animals has been attributed to the - 
presence of pituitary fragments.!2 Control experiments have indicated 
that the anemic state developing in the hypophysectomized rat is due 
neither to the effects of the operation per se, nor to the reduced food 
intake shown by these animals (FIGURE 1). ‘The bone marrow of 
hypophysectomized rats reveals a slowly developing state of hypo- 
plasia. Decrease in the quantity of erythrogenic tissue, infiltration of 
fat, and the presence of large cavities are features of the marrows of 
such animals and are seen most clearly by the third to fourth month 
following pituitary removal'® (pLaTE 1, A and B). 


The existence of a hypophyseal hemotrophic hormone which regu- 
lates blood formation, first suggested from clinical evidence," has been 
further supported by Flaks, Himmel, and Zlotnick,: !° and Querido 
and Overbeek.® The former workers reported that red cell, hemo- 
globin, and reticulocyte values in normal rats increased following 
treatment with a thermostable anterior-pituitary extract lacking the 
‘ gonadotrophic, thyrotrophic, and growth principles. The latter group 
also claimed that, in a crude beef pituitary extract, the growth, gonado- 
trophic, and thyrotrophic principles were not the responsible factors 
which prevented the post-hypophysectomy reticulopenia in rats. The 
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; supposition, however, that the pituitary produces a specific hemo- 
et ccne’ is open to question, since various of the already estab- 
ph principles have been found to display considerable eryth- 

rocytopoietic properties. It has been shown, for example, that the 

growth hormone can induce marked reticulocytosis and overcomes the 
refractoriness of hypophysectomized rats to low oxygen tensions.* '°. 

The thyrotrophic principle also evokes reticulocytosis in hypophy- 

sectomized rats,!7 due presumably to its effect in stimulating thyroid 

hormone production.!7:18 Likewise, gonadotrophic hormones (¢.g., 
pregnant mare serum) exhibit erythropoietic activity in the normal and 
hypophysectomized male rat, inducing polycythemia, reticulocytosis, 
and bone marrow hyperplasia.'® These effects are most likely mediated 
through the gonads, since no such activity is apparent in the castrated 
animal.!® The adrenotrophic hormone is said to overcome the reticu- 
lopenia, but fails to correct the anemia which develops after hypophy- 
sectomy in the rat.!7_ This hormone is also stated to produce reticulo- 
cytosis in normal animals.** More recently, it has been claimed”! that 
single injections of adrenotrophic hormone into normal rats and mice 

produce an initial rise in red cell and hemoglobin values within 3-6 

hours, followed by a fall below normal values after about 24 hours. 

Repeated injections of adrenotrophin, however, evoke a sustained in- 

crease in red cell and hemoglobin concentrations.” The daily injec- 

tion of 0.5-1.5 mg. prolactin into hypophysectomized rats results in 
moderate gains in erythrocyte and hemoglobin values.'* Partial re- 

_ pair of the bone marrow hypoplasia, associated with increases in the 

numbers of erythrogenic elements, is observed after 5 weeks of prolactin 

treatment. 


2. Posterior Lobe 


Dodds and his co-workers”: * reported a severe macrocytic anemia 
in rabbits and guinea pigs given large doses of posterior lobe extract. 
Marked reticulocytosis and hyperchromia accompanied the anemic 
state. These observations have been confirmed by others.?®: °° ‘Two 
types of explanation have been offered for this effect: (1) the posterior 
lobe of the pituitary may influence the process of blood destruction, 
possibly through an effect on the reticulo-endothelial system,” and (2) 
the pituitrin anemia may be due to hemodilution and subsequent 
hemolysis caused by water retention.2> The latter hypothesis is 
strengthened by the finding that dehydration of the animal prior to 
pituitrin treatment prevented the anemia.2> Davis?’ found that the 
daily administration of relatively small amounts of posterior pituitary 
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solution to normal and splenectomized rabbits and dogs induced poly- 
eythemia within 1 to 3 weeks. This effect is interpreted in terms of the 
vasoconstrictor properties of the drug which induce hypoxia of the 
marrow and a resultant enhanced erythropoiesis. No clear-cut evi- 
dence, however, has been presented to indicate any normal physio- 
logical role played by the posterior lobe of the hypophysis in the 
erythropoietic process. 

The majority of the reports show that most of the pituitary factors 
are not importantly related to the production or distribution of white 
cell elements. Thus, it has been demonstrated that no alteration in 
the total white cell or differential cell counts attends the removal of the 
pituitary in the rat.7: 1°17 Crafts,” however, reported a rise in total 
white cell count, but no change in the differential cell count. Although 
it has been claimed that anterior pituitary-like gonadotrophin injec- 
tions produce leucocytosis in rabbits? and man,?* no distinct trends 
have been detected in the white cell picture of normal or hypophy- 
sectomized rats, as a result of treatment with various types of gonado- 
trophic extracts.!° Adrenotrophic hormone, on the other hand, pro- 
duces an absolute lymphopenia and an increase in the numbers of 
polymorphonuclear leucocytes in intact mice, rats, and rabbits.” 


THE THYROID 


A relation between this gland and erythropoiesis is suggested from 
the following evidence. Thyroidectomy usually results in anemia.!?: 
$039, 56 Thyroid removal has been found, also, to depress red cell 
formation in polycythemic patients.*° In addition, anemia is a fre- 
quent occurrence in clinical hypothyroidism.**: “—4® Conversely, ex- 
perimental and clinical hyperthyroidism may be associated with ele- 
vated red cell counts,**: “#9 although this possibility has been disputed 
by others.**, #: 5° Thyroid administration has also proved effective 
in correcting the anemia following thyroidectomy,*® * or that. accom- 
panying clinical hypothyroidism.‘ 54; 56, 57 
; It has also been demonstrated": 17, 18. 58 that the anemia developing 
in hypophysectomized rats can be alleviated by the administration of 
small amounts of thyroid hormone (F1@uRE 2). In such animals the 
return of the red cell count to normal levels is accompanied by rercules 
cytosis and bone marrow hyperplasia,!* (PLATE 2A), indicating a true 
erythropoietic action of this hormone. 

A more sensitive method of evaluating a possible participation of the 
thyroid gland in blood formation has been to determine the rate of red 


_ GORDON AND CHARIPPER: ENDOCRINES AND HEMOPOIESIS 619 


R.B.c. - MILLIONS 7 CU. MM. 4 HB.- GMS. 7 100 CC. 

a on o = o © ® RETICULOCYTES -% ., 
Ss le} on ° a ° 
< 
A) 
O74 

Da 

m 

QS 
=—44 

= 

m 

S 
8 


oe 


Ficure 2. Erythrocyte counts, mean hemoglobin concentrations, and mean reticulocyte per- 
centages in hypophysectomized rats injected daily with 0.01-0.03 mg. thyroxine, from the 6th week 
after operation. 


(From Vollmer, Gordon, & Charipper.') 


cell regeneration in thyroidectomized animals subjected to an erythro- 
poietic stress. Previously,®® °° a slower hemopoietic response in 
thyroidectomized animals exposed to lowered barometric pressures had 
been reported. Likewise, Furuya® observed slower regeneration in 
thyroidectomized animals subjected to hemorrhage. Recently, the 
problem of the thyroid and blood regeneration has been examined in 
greater detail. 414 to 6 ce. of blood were extracted from normal, 
thyroidectomized, or thiouracil-treated adult rats. Several groups of 
the bled animals, normal and thyroidectomized, were given daily in- 
jections of 0.1 mg. thyroxine, and others were left untreated. Thy- 
roidectomy or thiouracil treatment was found to delay the regeneration 
of red cells and hemoglobin. Thyroxine treatment accelerated the 
rate of attainment of normal red cell and hemoglobin values. This 
was accomplished to a greater extent in the thyroidectomized than in 
the unoperated animals (FIGURE 3). Slight bone marrow hypoplasia 
was observed in the thyroidectomized animal. Although the marrow 
of the thyroidectomized rat responded with increased erythroid cell 
proliferation to the stimulus of bleeding, thyroxine speeded this process 
of regeneration. Smears of femoral marrow revealed higher erythroid- 
myeloid cell ratios in the thyroxine-treated groups. These latter 
groups exhibited marked reticulocytosis as well. As will be indicated 
below, castration in the male rat lowers the red cell count. However, 
castration performed in the thyroidectomized animal did not still fur- 
ther delay the regeneration of red cells following bleeding, but did 
produce a greater inhibition of hemoglobin synthesis." 'T estosterone 
propionate, administered in daily 1.25 mg. doses, exerted little in- 
fluence on thyroidectomized rats, but was more effective as an erythro- 
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Ficure 3. Effects of thyroxine and the combination of thyroxine and testosterone on mean 
erythrocyte, hemoglobin values, and reticulocyte percentages in 25 normal and 24 thyroidectomized 
rats following bleeding. 


(From Gordon, Kadow, Finkelstein, & Charipper.®) 


poietic agent in the case of thyroidectomized animals which had also 
been castrated. The known marked erythropoietic effect of the metal, 
cobalt, was augmented by thyroxine injections. This combination 
proved to be extremely effective in restoring normal red cell and hemo- 
globin values (FIGURE 4), and induced marked marrow hyperplastic 
changes in bled thyroidectomized rats. : 

It was expected that, since the male hormone is a potent erythro- 
poietic agent in the hypophysectomized and castrated rat,!% ® ® it 
would augment red cell and, possibly, hemoglobin regeneration in the 
bled thyroidectomized animal. This, however, did not occur,® and 
the lack of effect may be related to the amounts of endogenous male sex 
hormone circulating in the animal at the time of initiation of treatment. 
Thus, in the normal or thyroidectomized animal, in which the level of 
male hormone is relatively high, testosterone is scarcely effective, but 
in the castrated or in the thyroidectomized-castrated rat, in which the 
eirculating male hormone level is low, its effects on both red cell and 
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Ficure 4. A comparison of the effects of thyroxine, testosterone, cobalt, thyroxine plus testo- 
sterone, and thyroxine plus cobalt on mean erythrocyte, hemogiobin values, and reticulocyte per- 
centages, in 44 thyroidectomized rats following bleeding. 


(From Gordon, Kadow, Finkelstein, & Charipper.*’) 


hemoglobin regeneration are pronounced. The fact that 2 mg. doses 
of testosterone are less effective than 1 mg. doses in inducing a red cell 
response in hypophysectomized rats'® may be considered additional 
evidence for this hypothesis. 

A considerable amount of the literature has been devoted to a de- 
scription of the thyroid gland in its relation to the peripheral white cell 
picture. Many of the reports, however, have been contradictory. 
Thus, lack of thyroid principle is said to induce a neutrophilia and 
lymphopenia," *!: * whereas others have stated that it results in 
leucopenia and lymphocytosis.” *° °° In experimental and clinical 
hyperthyroidism, the picture is equally confusing. Thus, leucopenia 
and lymphocytosis,®’ ® leucocytosis involving granulocytosis” and 
lymphopenia, granulocytosis with no change in total count**’ ** have 
been the various claims made by different groups of investigators. 
Most workers agree, however, that thyroid administration results in a 
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deflection of the polynuclear count in mammals,*” reptiles,** and am- 
phibians.°? We! have been unable to note, in untreated or bled 
thyroidectomized rats, any consistent changes in the total white cell or 
differential counts. Likewise, thyroxine injections produced no con- 
sistent alterations in the white cell picture. The inability to obtain 
significant effects in such animals may possibly be due to the consider- | 
able amount of variation detected in the leucocyte count of normal 
non-infected rats of our colony. 

The wide variations in white cell count reported in the literature may 
be due to the different quantities of thyroid substance employed, and 
to the different durations of treatment. In addition, thyroid material 
may act as a stimulant of the adrenal cortex, but prolonged treatment 
with such agents may result, eventually, in adrenal cortical adaptation 
or failure. Since the cortical secretions appear to be intimately re- 
lated to the disposition of white cells in the body,” it is conceivable that — 
this gland may also be a factor in the divergent white cell responses to 
thyroid administration. 


THE ADRENAL 


1. Adrenal Cortex 


The description by Addison, in 1855, of anemia as one of the symp- 
toms accompanying disease of the adrenal cortex represents one of the 
earliest indications of a possible relation between this gland and the 
morphological constituents of the blood. Additional observations on 
the anemia in Addisonian patients have been made recently.7” 7! 

The increase in red cell count occurring in lower animals shortly after 
adrenal removal”: ” is probably due, not to an effect on erythropoiesis, 
but more likely to hemoconcentration. However, decreased red cell 
numbers”: *: ™ and marrow hypoplasia” have also been reported fol- 
lowing adrenalectomy. Single injections of adrenal cortical extract 
are said to produce decreases, within 24 hours,”! in the red cell counts of 
intact mice, rats, and rabbits. Sustained production of the adrenal 
cortical hormone, however, through continuous injections of adreno- 
trophic hormone, will elevate red cell and hemoglobin values in intact 
mice.” Polycythemia, produced in response to increased amounts of 
circulating adrenal hormone, had also been previously reported by 
Giinther* and Moehlig and Bates.’ These results are difficult to 
reconcile with observations in the hypophysectomized rat.!® Here 
daily injections of one to two cc. adrenal cortical extract (1 ce. Senials 
50 gm. tissue) are without significant effect on the red cell and hemo- 
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globin levels, although a rise in reticulocyte count is observed dur- 


ing the first week of treatment. The cortical hormone also fails to 
repair the hypoplastic condition characteristic of the bone marrow 
after hypophysectomy!® (pLaTrE 2B). Querido and Overbeek® have 
demonstrated the cortical hormone to be likewise ineffective as an 
erythropoietic agent in the hypophysectomized rat. Injection of daily 
doses of 1.0 mg. desoxycorticosterone acetate into rats which have 
been hypophysectomized 6 weeks previously, results in a moderate 
gain in red cell count by the fourth week, but hypophysectomy levels 
are once again attained by the sixth week.'* Desoxycorticosterone 
produces no significant repair of the post-hypophysectomy marrow 
hypoplasia.!* 


2. Adrenal Medulla 


Injections of adrenalin into normal or adrenalectomized rats will 
induce polycythemia reactions.”* The spleen is believed to participate 
in this effect. On the other hand, administration of ephedrine sul- 
phate, amphetamide sulphate, or epinephrine HCl to either normal or 
splenectomized rabbits and dogs and to normal humans causes signifi- 
cant increases in red cell count.2”?'77_ These results are explained as 
enhanced erythropoiesis due to marrow hypoxia caused by the vaso- 
constrictor activity of adrenalin-like drugs. 

Recent studies have tended to clarify somewhat the discrepancies 
which appeared in the past literature concerning the influence of the 
adrenal on the circulating white cells. Zwemer and Lyons’® observed 
a decrease in the percentage of polymorphonuclear leucocytes, and an 
increase in the numbers of small lymphocytes, following adrenalectomy 
in rats. This was later confirmed by Schecket, Friedman, and Nice.’® 

_Likewise, Corey and Britton” reported neutropenia associated with 
lymphocytosis in adrenalectomized cats; this condition was corrected 
by adrenal cortical extract. Lewis,”> as well, observed decreased 
neutrophilic counts in adrenalectomized cats, and Grollman*® has 
described lymphocytosis in Addisonian patients. On the other hand, 
marked elevations in the numbers of both neutrophiles and large and 
small lymphocytes,” with no change in total white cell or differential 
white counts,!2 have been reported in adrenalectomized rats. The 
recent, provocative and convincing experiments of Dougherty and 
White?! 2 have shed new light on this subject. Treatment of mice, 
rats, and rabbits with adrenotrophic or adrenal cortical hormones pro- 
duced an absolute lymphopenia and elevations in the numbers of poly- 
morphonuclear leucocytes. The lymphopenia is believed to be a re- 
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flection of the ability of the cortical secretions to cause dissolution of 
lymphocytes and arrest cell mitosis in the lymphoid tissues.* The 
additional finding by White and Dougherty,” that adrenalectomy in 
mice and rats causes lymphocytosis and neutropenia, is in agreement 
with their hypothesis and tends to confirm previous reports.” ts 

With regard to the adrenal medulla, Davis?’ " found that neither 
epinephrin nor ephedrine exerted any positive influence on the leuco- 
eyte count of normal or splenectomized rabbits and dogs. 


THE GONADS 


A sex difference in erythrocyte count is known to exist in many 
species of animals, including the fowl,*!—* pigeon,*’ mouse,** rat,*® 
rabbit,®* and cat.7> A comprehensive summary of the counts in both 
sexes, in a variety of laboratory and domestic animals, is given in the 
papers of Scarborough.*® It is usually the male animal which reveals 
the higher red cell and hemoglobin values. It is well known, also, that 
_ asimilar sex difference in count exists in the human being. Of especiai 
significance is the report by Rud® that, in man, the red cell count 
is similar in both sexes up to the age of 14 years, beyond which time the 
divergence in count gradually develops. Such findings suggest the 
possibility that the sex hormones may play a role in the sex differences 
in count. This hypothesis is supported by several types of experi- 
ments. Blacher* reports a lowering in red cell count and hemoglobin, 
following castration in the cock. Spaying in the hen does not produce 
this effect. According to Juhn and Domm,* juvenile and gonadec- 
tomized birds of either sex and mature female birds all reveal similar 
red cell counts. Juhn and Domm further report that the male bird 
acquires a higher red cell count at the time of sexual maturity, and that 
the red cell counts of poulards in which sinistral ovariectomy is per- 
formed will soon approach the higher levels characteristic of the male. 
Similar types of results have been reported for the mammal. Thus, 
castration is found to lower the red cell count in the male rabbit®?: % 
and raise it in the female.™ In addition, these latter workers reported 
that implantation of heterosexual gonads depresses the count in the 
male and elevates it in the female. 

Most of the recent experiments have been performed on the rat.®» 9 
Confirming previous findings, Steinglass, Gordon, and Charipper® have 
detected a normal sex difference in count, and have shown that castra- 
tion in the male tends to lower, and in the female to raise, the red cell 
count. In castrated females, daily injections of 10-20 R. U. of estra- 
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diol benzoate caused, by the-end of 4 weeks, a drop of red cell count 
from 8.9 + 0.2 to 6.7 + 0.4 millions/ecu. mm. Hemoglobin values 
were similarly depressed, and reticulocytes showed a slight increase. 
Daily administration of one to two mg. testosterone propionate into 
castrated male rats increased the red cell count from 7.4 + 0.3 to 
9.1 + 0.3 millions/cu. mm., within 4 weeks. Comparable rises in 
hemoglobin values were also observed, but reticulocytes were un- 
affected. In eunuchoids, increases in red cell count and in hemoglobin 
values have also been reported following androgen treatment. That 
the sex hormones operate by affecting the erythrogenic process may be 
seen from bone marrow sections and smears. Castration in the male 
_ produced a state of marrow hypoplasia. Testosterone alleviated this 
condition by stimulating mitosis of erythrogenic elements. Con- 
versely, castration in the female was not attended by bone marrow 
atrophy; in some cases, in fact, slight hyperplasia of the erythrogenic 
tissue was observable. Injections of estrogen produced considerable 
marrow -vacuolization and partially depressed erythrogenic activity.” 
Large doses of estrogen have been found to induce marked anemia in 
the dog,*7" but not readily in the monkey.'" The anemia induced 
in mice by estrogen may be due, in part, to replacement of marrow tis- 
sue by bone.!” 

Vollmer and Gordon" reported that the normal sex difference in red 
cell count in the rat could be accentuated by the daily injection of 15 
R. U. of a gonadotrophic extract of pregnant mare serum. After 2 
months of treatment, the count in the males had risen from 8.6 + 0.1 
to 10.3 + 0.3 millions/cu.mm. In the normal female, the same treat- 
ment depressed the red cell count from 8.2 + 0.1 to 7.6 + 0.3 mil- 
lions/eu. mm. No distinct trends in hemoglobin values were observed 
in these animals, and reticulocyte levels were elevated only in the males 
~receiving the treatment. Administration of gonadotrophic hormone 
to castrated females produced no alteration in red cell count, indicating 
that the action of this hormone is mediated through the gonads. Cas- 
trated females given daily injections of 0.5 mg. testosterone showed 
higher red cell counts than did untreated castrates, whereas treatment 
with estradiol produced the opposite effect.!° 

To preclude the possible operation of the animal’s own pituitary in 
these effects, the next series of experiments was performed in hypo- 
physectomized rats."° Gonadotrophic hormone exerted no significant 
erythropoietic action in the hypophysectomized female. Hypophy- 
sectomized males, however, responded quickly to such treatment. 
Daily administration of 15 R. U. pregnant mare serum hormone in- 
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creased the red cell counts from 6.8 + 0.3 to 8.9 + 0.3 millions/cu. mm. 
by the 5th week (an increase of 31%); this was accompanied by a 19% 
increase in hemoglobin. Pregnancy urine hormone was not as effective 
on the rat as the pregnant mare serum,!’ but has been claimed to be an 
effective erythropoietic agent for the child afflicted with erythroblasto- 
tic anemia.!” 

Considerable erythropoietic activity is observed in hypophysec- 
tomized rats of both sexes injected with androgen.'® In one series, 
daily injections of 1.0 mg. testosterone produced, within five weeks, an 
increase in red cell count from 6.0 + 0.4 to 9.1 + 0.3 (a 51% increase). 
During the same period, the hemoglobin increased from 13.3 + 0.8 to 
15.6 + 0.3 gm./100 cc. (only 17%). Two mg. doses of testosterone 
were not as effective as 1 mg. doses (FIGURE 5). Reticulocyte values 
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Figure 5. Erythrocyte counts, mean hemoglobin values, mean reticuloc 

{ y s er x ulocyte counts, and oxygen 
consumptions in hypophysectomized rats injected daily with 2.0 mg. testosterone propionate, fom 
the 6th week after operation (solid lines). The dotted lines represent mean determinations for a 
similar group of 5 animals, injected daily with 1.0 mg. testosterone. 


(From Voilmer, Gordon, & Charipper.') 


were increased in the Ist and 2nd week. Thereafter, however, they 
tended to fall, although the levels consistently remained above those 
seen in untreated hypophysectomized rats. 

Estrogen treatment (10 R. U. estradiol benzoate daily) was not 
tolerated well by hypophysectomized rats, and several deaths oc- 
curred.'® Jn a few animals, the estrogen seemed to intensify the post- 
hypophysectomy anemia, while in others the inhibitory effects were 
transitory. Hemoglobin values and reticulocyte counts remained 
unaltered. 

The marrow picture was, in most instances, a direct reflection of the 
red cell count behavior.!9 Testosterone treatment caused, in both 
male and female hypophysectomized rats, complete repair of the hypo- 
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plastic marrow. The vacuolated areas were replaced by regions of 
actively proliferating erythroid elements (PLATE 3A). Erythroid- 
myeloid cell ratios, as studied from marrow smears, were significantly 
increased. Similar marrow changes were produced in the male hypo- 
physectomized rats which received gonadotrophic hormone. Adminis- 
tration of estrogen produced an even greater state of marrow hypoplasia 
than that observed in untreated hypophysectomized animals; vacuoli- 
zation was more marked and supression of erythroid cell development 
was evident (PLATE 3B). The bone marrows of hypophysectomized 
female rats injected with mare serum gonadotrophin revealed similar 
changes, but to a lesser degree. 

Similar types of results have been obtained in the bird. 1° Of 
especial interest, in the latter report, are 3 findings: (1) Implantation 
of androgen pellets beneath the skin of castrated roosters or capons 
elevates the red cell counts to levels found in normal males. (2) In- 
jection, on the fourth day of incubation, of small quantities of estrogen 
into the egg of the domestic fowl] will produce intersexes which possess 
gonads that liberate both androgens and estrogens. In such animals, 
the red cell counts attain levels intermediate between those noted in 
normal males and females. (3) Estrogens and androgens, when in- 
jected together into capons, may act antagonistically with respect to 
the red cell count. A similar antagonism between androgens and 
estrogens on the blood picture in the rat! and on the growth of bone 
marrow in vitro!®? has been reported. 

Recently, Finkelstein, Gordon, and Charipper® have investigated 
the response of gonadectomized rats to the erythropoietic stress of 
bleeding. A detailed attack of this problem was deemed advisable in 
view of the observation that male blood donors generally regenerate red 
cells at a faster rate than do females.°*"'° Groups of male and female 

rats, both normal and castrated, were bled amounts ranging from 4 to 5 
ec. at one time, or 10 ce. over a 2-day period. The results showed con- 
clusively that bled male rats regenerate red blood cells more rapidly 
than do bled females. Daily treatment with 1.25 to 2.5 mg. of testos- 
terone accelerated recovery from the anemia in bled males. On the 
other hand, administration of estradiol (20 to 200 R.U. daily) to bled 
females slowed regeneration and prevented attainment of normal red 
cell levels for the entire 50 days of treatment. Both testosterone and 
estradiol were found to delay hemoglobin regeneration (FIGURES 6AND7). 

In view of these striking effects, it became of interest to compare the 
activity of testosterone with that displayed by cobalt, a powerful 
erythropoietic agent in the normal and anemic rat.” In the bled male, 
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daily administration of 2.5 mg. of cobaltous nitrate proved to be more 
- effective in accelerating red cell regeneration than 1.25 mg. doses of 
testosterone. In the bled female, cobalt and testosterone were equally 
effective. In another series of experiments, regeneration of red cells 
and hemoglobin was traced in castrated male and female rats subjected 
to bleeding. Recovery occurred more rapidly in females than in the 
males. Testosterone speeded regeneration in castrates of both sexes, 
and it accelerated hemoglobin replacement in the castrated male, but 
not in the castrated female. Cobalt also proved to be an effective 
agent in the castrated rats. Administration of both testosterone and 
cobalt to bled animals was most effective on red cell regeneration. 
Bone marrow studies were well correlated with the peripheral blood 
findings, and again supported the contention that the sex hormones act 
in the bled animals by influencing the erythropoietic process. 

On the basis of the evidence presented, it has been suggested that the 
gonadal secretions are responsible for the normal sex difference in red 
cell count detected in many species of animals.’ *°° 

The subject of the relation of the sex glands to the white cell picture 
is highly controversial. Molteni,® for example, reported lympho- 
cytosis in female rabbits following castration, and Kennedy and 
Thompson"! found that certain gonad extracts administered to rabbits 
caused a deflection of the Arneth count to the left. Large doses of 
estrogen are claimed to induce a leucocytosis followed by a leucopenia.°” 
Recently, Crafts! has found neutrophilia followed by neutropenia in 
dogs receiving large amounts of stilbestrol. Neutrophilia and lympho- 
penia have likewise been reported in normal and thyroidectomized rats 
given stilbestrol."* On the other hand, no consistent changes in total 
white or differential white cell counts have been noted in untreated, or 
sex hormone-injected, castrated and hypophysectomized rats.'* 2 


DISCUSSION 


A survey of the literature indicates clearly a relation between the 
endocrine gland system and the process of hemopoiesis. The initiating 
source of the hormonal control of blood formation is, most likely, the 
pituitary gland. The postulation, however, of the existence of a separate 
‘“hemotrophic” factor does not appear necessary, in view of the demon- 
stration that several of the already known pituitary factors may dis- 
play, separately, strong erythropoietic activity. It would seem more 
likely that the hemopoietic effects exerted by the various hormones are 
manifestations of their action on general phases of metabolism in the 
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body. On a priori grounds, at least, it might be expected that, since 
the endocrine secretions control many phases of growth, differentiation, 
and metabolism, this influence should also be imparted to the blood- 
forming tissues. 

The hypothesis that the different hormones operate through some 
common metabolic channel is an attractive one. The action of the 
thyroid, for example, might be traced to its effect in increasing somatic 
respiration which, in turn, may create a greater demand for red blood 
cells. Certain pituitary fractions are also metabolic stimulators in the 
hypophysectomized rat."* 44 Androgens!"®: 1° and estrogens!” ''* are 
known to modify the effectiveness of thyroid hormone, and to exert 
other important effects on general growth and metabolism.!'*: ¥° The 
hemopoietic effects of the adrenal may represent a secondary result of 
its more general influence on electrolyte and carbohydrate metabolism 
in the body.“ Similarly, the blood derangements in the hypophy- 
sectomized animal may be due to its lowered basal metabolism,! its 
inability to digest and absorb food properly,'” and its wasteful protein 
metabolism.!*4 

The possibility, however, that certain of the hormones may operate 
directly on the blood-forming tissues must also be considered. Testos- 
terone, for example, is known to exert a stimulating effect on muscle 
growth.”® It also induces renal hypertrophy!” and prevents testicular 
atrophy’ in the hypophysectomized rat. In this connection, too, it 
will be recalled that androgen is a potent erythropoietic agent in the 
hypophysectomized rat,!® but exerts no influence on its basal metabolic 
rate (FIGURE 5). Increased erythropoiesis may, therefore, occur with- 
out an accompanying increased oxygen uptake. The problem as to 
the direct or indirect regulation of hemopoiesis by endocrine principles 
could be profitably pursued by examining the effects of these agents on 
bone marrow cultivated in vitro. 


It is hardly possible to explain the hormonal effects on the peripheral 
blood in terms of plasma volume alterations. The general lack of cor- 
relation between the red cell and white cell numbers and the hemo- 
globin concentrations in the majority of the experimental endocrine 
deficiency, replacement, and overdosage studies would argue strongly 
against such an interpretation. Moreover, the hypoplastic bone 
marrows seen in the hypophysectomized animals, and the ability of the 
different hormones to modify this condition may be considered positive 
evidence that the endocrine glands produce their effects by influencing 
the hemopoietic process itself. The possible participation of the 
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spleen,!”* and the reticulo-endothelial system in general,!”* in endocrine- 
blood relations has also been indicated. 

_ Several experiments have suggested the possibility that anoxia, the 
so-called “fundamental erythrocytogenic stimulus,” may influence 
hemopoiesis, through an intermediary action on endocrine function. 
_ Thus, pituitary, thyroidal, adrenal, and gonadal function are all altered 
under conditions of lowered barometric pressures.'° Support for this 
_ contention is obtained from the work of Meyer et al.,* who reported that 
the hypophysectomized animal is unable to respond with increased 
erythropoiesis to the stimulus of anoxia, and from the work of Finkel- 
stein, Gordon, and Charipper,® who have shown that the hypophy- 
sectomized rat, when subjected to another type of anoxia, namely 
hemorrhage, exhibits a delayed red cell regeneration. Moreover, these 
same workers have demonstrated that this refractoriness may be over- 
come by administration of different types of hormonal factors. The 
release, by anoxic and other hemopoietic stimuli, of hormones which 
affect bone marrow activity is an interesting hypothesis which, how- 
ever, must await more direct proof before it can be accepted. 


CONCLUSIONS 


Certain of the endocrine glands undoubtedly exert an influence on 
the process of blood formation. Stated in general terms, it would seem 
that glandular deficiencies, such as those involving the pituitary, 
thyroid, and adrenal, induce a state of anemia, and that the adminis- 
tration of glandular extracts or hormones tends to correct, or at least 
to alleviate, the anemia. The erythropoietic activity of the hormones 
is seen clearly from their effects on reticulocyte behavior and bone 
marrow cytology. The white cell elements may also be under endo- 
_erine control, and the adrenal cortex especially appears to be involved. 
~ But the results here are, for the most part, complex and controversial, 
and additional, more carefully controlled experiments are needed. 

Although a complete explanation of the mechanism of hormonal 
action on hemopoiesis is still not available, future lines of research 
which may elucidate this complex problem are indicated: further de- 
tailed blood studies in endocrine-deficient animals, and the treatment 
of such animals with purified hormone preparations, general hemo- 
poietic agents, metabolic stimulants, and known nutritive factors, in- 
cluding the vitamins. Finally, attempts should be made to determine 
more precisely the nature and mechanism of the metabolic processes 


underlying the hemopoietic actions of the hormones. 
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ADDENDUM 


During the time this paper was in press, Crafts (Am. J. Anat. 79: 
267. 1946.) has reported on the beneficial effects of thyroxine in com- 
bination with iron and copper on the post-hypophysectomy anemia in 
the female rat. Inanother paper (Endocrinology 39: 401. 1946.), he 
has furnished more details on the effects of castration and androgens on 
hemopoiesis in the male rat. A review of the clinical literature relat- 
ing to the role of the thyroid in blood formation has also recently 
appeared (Boenheim, Schwimmer and McGavack. Ann. Int. Med. 


23: 869. 1946.). 
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PLaTE | 


A. Femoral bone marrow of normal rat. Note its dense, compact, and non-vacuo- 
lated nature. (From Vollmer, Gordon, Levenstein, & Charipper.°) 


B. Femoral bone marrow of rat 4 months after hypophysectomy. Compare 
with (A). 
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PLATE 2 


A. Femoral bone marrow of rat hypophysectomized 6 weeks and then injected 
daily, for 6 weeks, with 0.01-0.03 mg. thyroxine. Post-hypophysectomy hypoplasia 
has been prevented. Newly formed erythrogenic areas are numerous. (From 
Vollmer, Gordon, & Charipper.'’) 


B. Femoral bone marrow of rat hypophysectomized 6 weeks and then injected 
daily, for 5 weeks, with 1-2 cc. adrenal cortical extract. Post-hypophysectomy 
hypoplasia has not been prevented. (From Vollmer, Gordon, & Charipper.'’) 


- 
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PLATE 3 


A. Femoral bone marrow of rat hypophysectomized 8 weeks and then injected 
daily, for 6 weeks, with 1.0 mg. testosterone propionate. Erythrogenic activity has 
been restored to normal levels. (From Vollmer & Gordon.!) : 


B. Femoral bone marrow of rat hypophysectomized 8 weeks and then injected 
daily, for 6 weeks, with 10 R. U. estradiol benzoate. Hypoplasia has not been re- 
paired; fatty infiltration is‘: marked. Compare with (A). (From Vollmer & 
Gordon.!*) 
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HEMOGLOBIN AND RED CELL PRODUCTION 
IN EXPERIMENTAL HEMORRHAGE ANEMIA 


By F. S. Rosscuerrr-Rossins 
The University of Rochester, School of Medicine and Dentistry, Rochester, N. Y. 


The causes of anemia, whether human or experimental, are various: 
different animals differ from one another and from human beings in 
their reaction to a given substance or stimulus. The tendency to draw 
conclusions from one type of anemia and apply them to another is a 
dangerous procedure. 

Our interest concerns a simple hemorrhage anemia produced by 
blood removal in dogs, and our discussion will be confined to red cell 
and hemoglobin production as affected by various factors. 

When a long-continued anemia replaced short anemia periods, we 
obtained evidence of a reserve store of materials out of which the 
anemic dog could fabricate much hemoglobin. Furthermore, feeding 
of a favorable diet resulted in storage of potential hemoglobin pre- 
cursors, which were drawn upon during the ‘after control period.” 
This “carry-over” due to storage of hemoglobin materials in the body 
had to be exhausted before the dog again attained its base line of hemo- 
globin production, due to the standard basal salmon bread ration. 
Even during growth periods, a large reserve store of hemoglobin-pro- 
ducing materials will accumulate, if the diet is a favorable one. This 
reserve store of potential hemoglobin factors must always be considered 
in the interpretation of results obtained. Experiments have demon- 
strated that one may obtain any desired blood picture, as concerns red 
cell and hemoglobin in an adult dog, by proper choice of diet during 

the growth period from weaning on.' 

The severity of anemia is a factor of much importance in hemoglobin 
and red cell production.4 Hemoglobin output is increased as the 
amount of circulating hemoglobin decreases. If we suppose that the 
stimulus to hemoglobin production is zero in the normal dog with a 

~ circulating blood level of 21 gram per cent, we may safely assume that 
the stimulus»to hemoglobin production is maximal at an anemia level 
of about 6 gram per cent. This gives a maximal anemia range of 15 
gram per cent hemoglobin. A moderate anemia of 11 gram per cent 
hemoglobin represents an anemia range of 10 grams (21 grams — 11 
grams = 10 gram per cent hemoglobin), or two-thirds of the maximal 
anemia range. The average values for hemoglobin production in 
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moderate anemia are very close to two-thirds of that found in the same 
dogs at the severe anemia level. When testing dogs with liver, iron 
salts, or liver extract, given by mouth, resulting values for hemoglobin 
production are two-thirds of those found under the condition of a severe 
anemia. The hemoglobin production, therefore, seems to run parallel 
to the degree of the anemia. e 


TABLE 2 
HEMOGLOBIN PRODUCTION PER 2 WEEKS 


Dog Dog 
35—2 37—22 
Daily diet * 
io Moderate Severe Moderate Severe 
anemia anemia anemia anemia 
gm. em gm. gm 
Liver, 300 gm. 52 96 46 89 
Fe, 40 mg. | 44 ‘ 73 39 57 
Liver extract | 73 104 41 84 


The anemic dog can very successfully produce red cells and hemo- 
globin from his own body protein during a protein starvation. This 
reaction is enhanced by administration of iron, and the output of new 
hemoglobin may be as much as 100-150 grams as the result of a two 
weeks’ fasting period. With zero protein intake, this new hemoglobin 
must be derived from the animal’s own body proteins, such as tissue, 
plasma, hemoglobin, or organ proteins. In the anemic dog, a frugal 
conservation of nitrogenous material has been demonstrated which, in 
contrast to the control non-anemic dog, contributes to the nitrogen in 
the urine. This conservation of nitrogen may account for one-half the 
newly formed hemoglobin. A conspicuous change is apparent in the 
urea-ammonia fraction, in which values much lower than those of the 
non-anemic control are observed. In the emergency of an anemia, the 
dog conserves waste nitrogenous products to form the much needed 
hemoglobin. It has been noted that fasting dogs may be kept in 
nitrogen balance by intravenous injection of dog plasma. The evi- 
denée is strong that the injected plasma proteins are used to repair body 
proteins wasted during fasting periods. Experiments indicate that 
plasma proteins in an emergency can contribute to the formation of 
new hemoglobin and red cells in hemorrhage anemia.” 

“The most important factor in red cell and hemoglobin production is 
- diet intake, This has been studied in our dogs rendered anemic by 
blood removal. Bleeding is continued until values of about one-third 
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TABLE 3 


Hemociosin Construction In ANEMIA DvE To IRON AND SuGAR FEEDING 
Dog 24-59, bull mongrel, male, adult. 


Food Plas- R.B.C. Blood Hb re- 

Diet periods, 1 wk. each ea Wt. | ma Hb eee level moved, 
Food, gm. per day gers, kg. vol. | index ne per bled 
cent ae cent | cent ams 
Glucose 50, c.-sug. 25 16.6 | 1003 | 2.16 | 26.0 Uodl 1.6 
Fe 0.4, glucose 50, c.-sug. 25 15.0 822 | 2.24 | 33.5 10.2 | 27.4 
Fe 0.4, glucose 50, c.-sug. 25 13.7 691 | 2.19 | 31.2 9.4 | 47.9 
Br. 375, sal. 100, Kl. 40 100 13.5 |. 844 |.2.27 | 19.6 6.2 | 42.6 
Br. 400, sal. 100, Kl. 40 100 14.7 | 961 |.2.35 | 19.4 6.2 | 24.6 
Br. 450, sal. 100, K1. 40 100 15.3 | 1018 | 2.385 | 19.4 6.2 1.2 
Total Fe effect : 128 
Br. 475, sal. 150, K1. 40 100 L791 DLS |e2e2eeee20:6 6.5 1.4 
Glucose 50, ¢.-sug. 25 16.1 | 1003 | 2.44 | 25.7 820, i, 156 
Glucose 50, ¢.-sug. 25 14.9 928 | 2.40 | 25.7 8.5 | 16.3 
Glucose 50, ¢.-sug. 25 13.3 845 | 2.36 | 20.4 6.6 | 24.7 


Total sugar effect 56 


TABLE 4 


HEMOGLOBIN CONSTRUCTION AND DECREASE IN URINARY NITROGEN Dux To 
ANEMIA AND [TRON FEEDING 


Total hemoglobin production 112 gm., equivalent to 19.0 gm. of nitrogen in anemic period. 


Days Creati- Unde- 
on | Fe Total ae N ae N Creati-| Crea- | nine N+ | Uric ter- 
CHER: intake N NH;—N|NH,—N| ine N | tine N eae acid N ar 


gm. |mg. per| mg. per | per cent |}mg. per|mg. per] per cent |mg. per| mg. per 
wk. wk. wk. wk. wk. = e 


Non-anemic dog 29-326 


7 0 19,250 | 15,990 83.0 1190 150 7.0 70 186 
7 2.8 | 13,630} 10,710 78.6 1020 0 7.5 50 1850 
u 2.8 | 12,140] 9,840 81.0 870 0 7.2 40 1390 
2 0 13,120) 10,750 81.9 920 0 7.0 50 1410 
Anemic dog 29-326 

7 0 25,550 | 21,320 83.5 1150 460 6.3 

ii 2.8 | 13,880} 10,450 75.5 970 50 7.3 120 3080 
5 2.8 | 11,420} 8,180 71.6 770 360 9.9 70 2040 
2 0 11,550} 8,230 (1.2 770 360 9.8 70 2120 
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normal hemoglobin are attained. These levels of a severe anemia are 
maintained for many years and, in most instances, during the entire 
life of the animal, beginning at the age of one year. Some of these dogs 
have maintained perfect health and activity for fourteen years, in spite 
of this severe anemia. Under these conditions, a maximal stimulus to 
produce new hemoglobin and red cells is always present. Care is taken 
to protect these animals from infection, by isolation, vaccination, and 
eareful handling. Their basal ration of a salmon bread mixture allows 
a production of about two grams per week over and above maintenance 
requirements. The test factor is added to this basal ration for a two- 
week feeding period. A control period of basal feeding alone follows, 
in order to evaluate any “carry-over.” Food consumption and body 
weight are recorded daily. Blood volume, utilizing a brilliant vital 
red dye, red cell hematocrit, red cell counts, and hemoglobin, are 
determined each week. Under these experimental conditions, the 
value for red cell and hemoglobin production of a large variety of food 
factors has been determined in a long series of experiments. Food 
factors may be divided into three groups: (1) the least favorable for red 
cell and hemoglobin formation, such as grains and breadstuffs, most of 
the common vegetables, some fruits, and the dairy products; (2) a 
middle group consisting of some of the leaf vegetables, skeletal muscle 
of beef, veal, and pork, as well as such fruits as apricots, peaches, and 
prunes; (3) the potent food factors, headed by mammalian liver. 
Chicken liver gives a similar response, and chicken gizzard is about 
90% as effective as liver. Pig liver fed to the anemic dog in daily 
amounts of 300 gm., for a period of two weeks, will result in a hemo- 
globin output of 90-100 gm. If we take this value as a base-line and 
rate it as 100%, then beef liver is lower, at 70%, and horse liver is 
higher, at 130%. Rabbit liver rates as 80%, reindeer liver as 90%, 
and dog liver as 100%. Reptilian liver (turtle) compares in potency 
for hemoglobin and red cell production to beef liver. Amphibian liver 
(bullfrog) is somewhat less effective. Fish liver (mixture of codfish, 
haddock, hake, and pollack) is of lower value and does not show uni- 
form reactions. Shark liver has a content of hemoglobin-building 
~ factors somewhat below that of beef liver.* 

The question of utilization of iron in anemias is still a perplexing 
problem, although much information has been gained by the use of 
radioactive iron. In an experimental hemorrhage anemia, when the 
reserve stores of iron in the organism have been depleted, the intake of 
iron becomes a limiting factor for hemoglobin formation. One would 
assume that iron, either absorbed or injected, would go directly into 
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TABLE 5 


1 oop Factors IN EXPERIMENTAL ANEMIA < 
Output of hemoglobin in gm, per week 


Hemoglobin 


Diet—gm. per. day production 
per wk. 
Salmon bread 450 2 
Dairy products, bread 450 ~ 5 
Whole eggs 200, bread 350 ; 6 
Spinach 250, bread 400 ‘ 7 
Apricots 200, bread 300 . _ = 20 
Fish (mixed) 250, bread 350 6 
Beef muscle 200, bread 400 20 
Pig kidney 200, bread’ 350~ 35 
Chicken gizzards 300, bread 200 . ; 40 
Chicken liver 200, bread 250 40 
Fish liver 300, bread 300 16 
Frog liver 300, bread 300 30 
Turtle liver 300, bread 300 35 
Pig liver 300, bread 300 50 


the construction of the large hemoglobin molecule, which is then in- 
corporated into the red cell. Experimental evidence indicates that 
iron given intravenously to a healthy anemic dog is utilized almost on a 
quantitative basis for new hemoglobin formation, 10 mg. Fe equaling 
3 gm. hemoglobin.®> One may dissent and suggest that iron given 
intravenously is different from that reaching the portal circulation from 
the intestinal tract. Experiments indicate that, in the emergency due 
to anemia, the healthy dog will quantitatively utilize the iron as it 
comes into the circulation, to rebuild new hemoglobin for red cells. In 
this type of anemia, different forms of iron have given a similar response 
as to hemoglobin formation. Some of the confusion of this question 
may be due to an attempt to apply findings in one type of anemia to a 
totally different type of anemia. A nutritional anemia produced by 
milk feeding and one due to blood destruction may necessarily give 
different potency values for iron. Iron feeding experiments are com- 
plicated by the factor of absorption, which, in turn, is influenced by the 
actual need foriron within the body. When there is a distinct need for 
iron, a fair quantity of the element will pass from the gastrointestinal 
tract into the blood stream. When iron reserves are ample, very little 
is assimilated. Studies by Hahn, Bale, Lawrence, and Whipple® have 
confirmed these earlier findings. With the use of radioactive iron, 
these investigators demonstrated that, when feeding this material, a 
fair amount of the radio iron had found its way into the red cell within 
a period of 5 to 8 hours. That plasma is the mode of transportation of 
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iron from the intestinal tract to points at which it is further utilized, 
‘has also been determined by the use of radio iron. 

Cobalt and copper have been studied extensively.’ Under the condi- 
_ tions of a simple hemorrhage anemia, cobalt has little, if any, effect on 
hemoglobin and red cell production, and may be toxic. An inhibitory 
effect is evident when more than minimal doses are given. Copper 


TABLE 6 
CoBALT 
Hemoglobin output 
Daily ann 
No. of 
dose Control - 
mg oe Fe 40 mg experiments 
Sm: gm. 

5 5 52 1 
10 5 56 2 
20 3 55 2 
25 0 56 1 
30 0 59 1 
40 5 56 2 

TABLE 7 
CopPrER 
Hemoglobin output 
Daily No. of: 
poe Cu eaubae experiments 

& gm. em. 

5 19 55 3 
10 20 54 Fe 
30 11 57 ; 

, AO 6 57 4 


added to a standard diet often produces a moderate increase in hemo- 
globin and red cell formation in anemia due to blood loss. é This re- 
sponse is quite irregular, in contrast to that when iron is given. In 
these dogs, there is no actual deficiency of the element. One might 
think of an effect upon enzyme complexes related to globin and hemo- 
globin production. 3 
Following the studies of diverse animal liver material, speculation 
arose as to the concentration of potent factors for hemoglobin regenera- 
tion in the human liver, normal as well as abnormal. As opportunities 
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TABLE 8 
Hemoc.oBin Propuction Factors in Human LIVER 


Average 
: Cases ; Ratio 
Diagnosis Number Tron inane 
content to control 

mg. per cent per cent 
Normal 9 12 162 
Acute infections 11 — 117 
Chronic infections 16 12 149 
Passive congestion liver 6 — 94 
Amyloid—fat liver 10 — igi 
Cancer liver 8 15 75 
Cirrhosis 20 9 164 
Hepatitis—insufficiency 10 10 48 
Pernicious anemia 8 51 218 
Aplastic anemia 4 70 201 
Secondary anemia 10 th 135 
Leukemia = 15 13 126 


presented themselves, tests have been carried on with the standardized 
anemic dog. The results obtained hold interest for the experimental- 
ist, as well as the clinician who wishes to understand the therapy of 
anemia. Biological tests have been made with normal human liver, 
as well as material of clinical disease. When 300 gm. pig liver is given 
daily for 14 days to the anemic dog, we obtain an average return of 100 
gm. hemoglobin or a ratio of 4200 to 100; that is, 42 gm. of pig liver are 


equivalent to 1 gm. hemoglobin as tested by biological assay. Normal , 


human liver tissue (external trauma) contains considerably more of 
hemoglobin-producing factors than the normal control animal liver, so 
that 26 gm. of human liver represents 1 gm. potential hemoglobin. 
When evaluating abnormal livers, it becomes evident that only under 
conditions of severe injury does the liver cell give up the unknown sub- 
stances which can be used to produce new hemoglobin and red cells. 
Even in fatal liver insufficiency, the liver cells still contain some of these 
potential hemoglobin-building factors. Primary and aplastic anemias, 
by way of contrast, show considerable excess storage of the factors 
within the liver. The suggestion of a lack of some essential factor re- 
sponsible for red cell stroma production was offered by Whipple as 
early as 1922.1° It was pointed out that a large excess of pigment 
material existed in the red cells, body fluids, and tissues. This pig- 
ment material could not, however, be utilized because of this lack of 
some essential factor. The data in TaBLE 8 support this hypothesis 
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and show a definite excess of hemoglobin-building factors stored in 
the liver. 

In comparison, secondary anemia due to blood loss demonstrates low 
normal values. Secondary anemia due to blood destruction within the 
body shows higher values. Iron analyses demonstrate marked 
differences. 

Iron concentration within the liver parenchyma does not parallel the 
concentration of hemoglobin-producing factors. 

When red cells become obsolescent and disintegrate, we may ask 
whether a resurrection occurs. Experiments indicate an affirmative 
reply. We know that iron is treasured by the body and that only 
minute amounts escape by way of bile and urine.? Globin, apparently, 
is used over again to form new hemoglobin, or to supply other protein 
needs of the body. 

To some investigators, when considering hemoglobin and red cell 
construction, the question of the pigment radicle may appear of. pri- 
mary importance, possibly because of its color and its relation to other 
body pigments. Experiments with anemic bile fistula dogs given 
hemoglobin by vein demonstrate considerable new hemoglobin forma- 
tion, just as in the non-bile fistula anemic dog. However, the bile 
fistula dog also shows increased bile pigment output sufficient to ac- 
count for 70 to 90 per cent of the pigment radicle contained in the in- 


TABLE 9 
Dog HEMOGLOBIN GIVEN INTRAVENOUSLY 


<emeee ped Rood "| Plaga | Rede | ibs ue, Hb. 
Wt. Diet periods—1 wk. each cons. vol. hemat. level | remov. 
kg. ae % ce. % gm. gm. 
19.7 | Bread 500, salmon 75 100 1048 20.0 Dad 1.4 
20.0 | Hemoglobin 10.2* 100 1054 22.6 6.3 To! 
20.0 | Hemoglobin 28.6* 98 1090 25.2 7.6 PPT 
19.6 | Hemoglobin 16.0* 70 966 20.9 6.2 32.1 
19.4 | Bread 500, salmon 75 97 968 22.3 6.3 i833 
12.2 | Bread 375, salmon 75 100 788 23.0 5.8 1) 
12.4 | Hemoglobin 6.2t 100 772 2525 6.2 iL 
11.9 | Hemoglobin 18.27 100 710 25.8 6.2 29.0 
12.6 | Hemoglobin 22.47 100 750 25.8 6.2 1.4 
12.7 | Bread 375, salmon 75 100 744 19.9 Dal 24.4 
12.7 | Bread 375, salmon 75 100 744 19.9 Da init 


* Salmon bread 500, salmon 75. 
+ Salmon bread 375, salmon 75. 
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jected hemoglobin.* In order to explain this reaction, we suggest that 
from the injected hemoglobin the pyrrol aggregate is split off to form 
bilirubin, and that from the iron and globin fractions plus newly 
formed pyrrol aggregates there is formed new hemoglobin, which 
appears in the circulating red cells. The body in the emergency of 
anemia can synthesize the pyrrol radicle in considerable amounts. 
However one may wish to interpret this reaction, it is obvious that the 
dog, under this condition, can produce a large excess of the pigment 
radicle promptly, whether it is eliminated in the urine as bile pigment 
or incorporated in the newly formed hemoglobin. The non-fistula 
anemic dog will conserve up to 90% of the introduced hemoglobin to be 
turned out as new red cell hemoglobin. Globin would, therefore, ap- 
pear to be the limiting factor in new hemoglobin production in such an 
experiment. Thus, studies concerning globin are of interest. The 
standard anemic dog utilizes globin given by mouth to good advantage 
for hemoglobin and red cell formation, demonstrating approximately 
30 per cent utilization. For comparison, we observe only a 10 to 
15 per cent utilization of hemoglobin given orally. Globin given by 
vein does not give a uniform reaction as in intravenous hemoglobin 
administration. The reasons for this difference in reaction may be sub- 
ject to debate. Hemoglobin is a naturally occurring substance in the 
circulation as red cells disintegrate. Globin, as we use it, is probably a 
foreign substance produced by acid acetone precipitation. It is often - 
toxic, even in moderate doses, and always so in large doses. In other 
words, the breakdown of hemoglobin within the body produces a 
slightly different substance than the globin produced by acid acetone 
precipitation. 

A natural sequence to the evaluation of various proteins in experi- 
mental hemorrhage anemia for hemoglobin and red cell production, is a 


TABLE 10 
, INTRAVENOUS GLoBIN DicEst (TRYPSIN) 
Digest of globin = 50 to 60 per cent of original globin by weight. 


Total : | | 
D slobi Fe in Hb. Per cent Ayes 
No. ne globin A ReGedoet ieeetaa Liver 
“gm, mg. net gm. as Hb. control gm. 
ots ia 6 25 35 
35-6 88 7 29 a & 
34-149 82 . = 
32 67 
34-148 80 6 ne 
38 85 
34-149 53 | e 38 85 
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study of the individual amino acids. ‘These are of great interest to the 


experimentalist and clinician alike. Extensive studies have been 


carried on to evaluate these important substances as to their influence 


on red cell and hemoglobin production..° A variety of single amino 


acids is utilized in the complex reaction related to hemoglobin building 


under the stimulus of a continuing anemia due to blood loss. When 


amino acids are given with the basal ration, it may safely be assumed 
that practically all of them are absorbed, along with the mixture of 
amino acids derived from digestion of the diet protein. The body is 


able to furnish other needed amino acids from protein stores or from 


protein wear and tear. When a feeding experiment with an amino acid 


is frankly negative, we assume that one or more of the needed supple- 


ments were not available at the time, or that the missing amino acid 
was used to fill some more urgent demand within the body. Histidine, 
phenylalanine, proline, cystine, glutamic and aspartic acids, and gly- 


‘cine can account for new hemoglobin production of 23-25 gm. above 


the control level which is equivalent to about 25-30 per cent of a 
standard liver output. This response follows daily feeding of 1 gm. of 
amino acid for a period of two weeks. Valine, isoleucine, arginine, and 
alanine, in the same dosage, increase the hemoglobin output on the 


~ average from 13 to 17 gm., when fed for two weeks. Leucine, methio- 


nine, lysine, tryptophane, and tyrosine demonstrate a surplus hemo- 
globin output of about 20 gm. Increasing the intake to 5 gm. daily 
has little additive effect. It is of interest that, under these experi- 
mental conditions, the isomeric and di-synthetic forms of the amino 
acids are as effectively utilized as are the natural forms. 

A discussion of hemoglobin and red cell formation would not be com- 


| plete without calling attention to factors which hinder their production 


N 


in spite of building stones very readily available. Infections and a 
variety of intoxications markedly modify blood formation. Blood 
destruction is frequently believed to be the cause of clinical anemias 
which develop in association with an infection. We believe that the , 
essential factor is a disturbance of the internal metabolism which is 


* concerned with the building-up of the large hemoglobin molecule. An 
‘endometritis occurring in several of the anemic dogs offered an excellent 


opportunity to study the effect of an infection upon red cell and hemo- 
globin production.'' There was no evidence of any significant red 
blood cell destruction, and strong evidence that the absorption of food 
constituents was normal. In spite of apparent health and normal food 
consumption, the capacity to form hemoglobin and red cells failed 
slowly over a period of months. Finally, no hemoglobin was formed, 
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TaBLe 11 
INFECTION—ENDOMETRITIS 
Dog 24-25. Bull, female, adult 


Hemo- 
Blood : 

ee Plas- hemo- clothe 

Diet periods 1 wk. each ~ | Wt. | ma |R.B.C. |globin 

Péod! gm. per day suned kg. vol. mil. | level move 

Le gf ae week 

. gm. 
Bread 450, salmon 100, Klim 40 100 | 24.4 | 1120 5.9 93 1.4 
Bread 450, salmon 100, Klim 40 89 | 23.4 | 1129 5.2 72 2.1 
Bread 450, salmon 100, Klim 40 100 } 23.1 | 1320 4.9 69 2.0 
Bread 450, salmon 100, Klim 40 100 | 238.1 | 1285 4.7 55 1.4 
Secondary anemia extract+Fe 100 | 23.7-| 1248 49 25 
Secondary anemia extract+ Fe 100 | 23.6 | 1275 | 4.6 tt 2a 
Pig liver 300, bread 350, Klim 40 100 | 23.6 | 1406 4.2 62 2.6 
Pig liver 300, bread 350, Klim 40 96 | 23.5 | 1505 3.4 46 3.3 

Hysterectomy 

Pig liver 300, secondary anemia extract+ Fe 100 | 22.3 | 1460 3.9 51 3.8 
Pig liver 300, secondary anemia extract+Fe| 100 | 22.8 | 1359 4.0 56 3.6 
Bread 400, salmon 150, Klim 50 100 | 22.4 | 1195 4.7 64 1.6% 

Bread 400, salmon 125, Klim 50 100 | 23.1 | 1200 5.0 62 42.1. 
Bread 450, salmon 125, Klim 50 100 | 23.1 | 1284 62 527 
Bread 450, salmon 100, Klim 40 100 | 22.9 -|, 1325. 4.8 58 70.8 
Bread 450, salmon 100, Klim 40 100 | 22.8 | 1322 48 47.2 


in spite of a liver diet. A vaginal discharge pointed to the uterus. 
Hysterectomy was promptly followed by a return to normal hemo- 
globin production. To test this effect experimentally, a series of 
anemic dogs were given turpentine, subcutaneously. The developing 
sterile abscess gives the exact picture of bacterial abscess, fever, leuco- 
cytosis, accumulation of pus, and increased nitrogen excretion in the 
urine. Bacteria and turpentine kill tissue at a local spot, and the re- 
actions are obviously due to disintegration of host protein with escape 
of split products. Intoxication may be the best term for the condition 
produced by a sterile abscess. Hemoglobin output is markedly de- 
pressed, even when liver is fed. This lag of hemoglobin production is 
even more conspicuous during fasting periods, when the usual abun- 
dant production of red cells and hemoglobin is reduced to zero. 

In contrast to the picture shown during an infection, the dog having 
a glomerulonephritis shows but little incapacity to produce hemoglobin 
and red cells under these anemic conditions. Spontaneous glomerulo- 
nephritis develops not infrequently in the anemic dog. The course of 
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TABLE 12 
Ner HEMOGLOBIN PRopUCTION AS INFLUENCED BY NEPHRITIS 
Figures in parentheses indicate number of complete experiments. 


Test fac i Early Late 
tor daily for 2 wks. Control nephritis nephritis 

we ee ; [eae ne DIEM Jerr Palen 
Liver, 300 gm. 

Hemoglobin production, gm. 95" 3 80 71 

Per cent of normal 100 84 (14) 75 (9) 
Liver extract without iron 

Hemoglobin production, gm. 50 47 36 

Per cent of normal 100 94 (4) 72 (5) 
Liver extract with iron 

Hemoglobin production, gm. 79 58 59 

Per cent of normal 100 74. (4) LOUD) 
Kidney, 300 gm. 

Hemoglobin production, gm. 85 46 42 

Per cent of normal 100 54 (2) 49 (8) 
Iron, 40 mg. 

Hemoglobin production, ‘gm. 5D 53 41 

Per cent of normal 100 96 (10) 75 (12) 


this nephritis is insidious and usually extends over a period of years, 
but ends in uremia. Nephritis causes little or no change in hemo- 
globin production in these anemic dogs in the early stages of the disease. 
During the late stages, there may not be any changes in hemoglobin 
output, or only moderate ones. In advanced nephritis, the average is 
70 per cent of normal hemoglobin production.” 


TABLE 13 
Maximat HemMoGLoBin PropucTIOoN—GRAMS PER WEEK 
SranDARD CONTINUING ANEMIA OF 6 TO 8 GM. HEMOGLOBIN 


Daily diet Daily diet Daily diet 
salmon bread | salmon bread, eat ee bread 
Dail lus iron liver plus iron plus iron by vein 
Dog | “ise | 400-450 mg. | 400-450 me. 24 mg. 
Dog | average | 
No normal LVEL 7 = eee 
: weight | 300 ___ |Estimated 
ke gm. Re- |Fer-|Fer-| Re- |Fer-|Fer-| Colloidal | plasma 
; duced | ric | rous} duced | ric |rous Fe protein 
removed 
9-1 > TO 45* 60) .51)50 62558") 66 92 71 
40.26 14.5 50 HOM 451 G0) 706) Gone 80 49 
37-21 18.0 41* 58 | 64] 54} 53 | 52] 51 82 53 
34-148 18.0 “| 44* 49 | 49 | 54 | 47 | 638 | 71 106 58 
34-145 20.0 47* 47 | 55 | 57} 63 | 82 | 56 95 52 
37-89 14.0 40* 32 | 54] 42) 39 | 48 | 47 84 47 
33-14 12.0 38* 28 | 41 | 44) 38 | 58} 56 75 48 
Average 16.3 44 AS ao le| O20 oles Ole os 88 54 


* Average 2 to 6 experiments. 
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The maximal output of hemoglobin and red cells is of considerable 
interest to all investigators, and one may well question what is the ceil- 
ing for red cell and hemoglobin production in the healthy anemic dog. 

Experiments indicate that from 0.8 to 0.9 gm. per kilogram per day 


is apparently an approximation to the true value for maximal hemo- | 


globin production in the healthy anemic dog receiving a large protein 
intake with available iron. Studies carried on with this question in 
mind give the following information: Experiments with liver feeding 
(300 gm. daily for 2 weeks) yield net hemoglobin production figures of 
40-50 gm. per week. Liver and iron by mouth combined do not give 
a summation, but raise the net output to approximately 60 gm. per 
week. When abundant food protein is given by mouth, supplemented 
by intravenous iron, we observe hemoglobin production up to 90-100 
gm. per week. This marked increase must be due to more available 
iron. We know that iron absorption is difficult. One limiting factor, 
then, is iron absorption. The body machinery for hemoglobin produc- 
tion can manufacture a greater quantity of globin than the amount of 
iron which the body can supply to this machinery through absorption. 
Maximum figures for hemoglobin production in a hemorrhage anemia 
may be close to 1 gm. hemoglobin per kilogram per day. This observa- 
tion emphasizes again the great capacity of the body to produce new 
protein and channel the output into the area of acute need. 


TaBLeE 14. 


COMPARISON OF Rep Marrow SPREAD AND STANDARD HEMOGLOBIN 
PropucTIon IN ANEMIC Dogs 


Red marrow spread Henogionit praca na 
Maximal—100 per cent Slightly subnormal 
Maximal—98 per cent Subnormal 
Average—85 per cent Slightly subnormal 
Average—75 per cent Normal 
Subnormal—65 per cent Above normal 
Subnormal—65 per cent Slightly subnormal 
Minimal—20 per cent Normal 
Aplasia—10 per cent Subnormal 


In view of this severe and long continued anemia, one is much in- 
terested in observing the bone marrow spread at autopsy. It was 
logical to anticipate some evidence of marrow exhaustion, as the 
anemia periods were extended through 6 to 8 years, yet such evidence 
is very meager. A shrinkage of red marrow may be apparent, rather 
than a degenerative change of the red marrow cells. As red marrow 


* 
et 


ROBSCHEIT-ROBBINS: EXPERIMENTAL HEMORRHAGE ANEMIA 655 


spreads or shrinks, fat cells act as a cushion to take up or give up space. 
With red cell expansion, fat cells retire, and as marrow shrinks, fat 
cells take its place in the cancellous bone lacunae. In the described 
type of anemia, one might expect a wide red marrow spread, and some 
dogs indeed show such a condition with red marrow filling all the can- 
cellous bone in ribs, vertebrae, and long bones. This is a maximal red 
marrow spread. Others show much less spread, hardly more than that 
of normal non-anemic adult dogs, and yet produce as much hemoglobin 
as those with hyperplastic marrow of maximum spread. The minimal 
red marrow spread may involve as little as 10 to 20 per cent of the 
maximal area. All gradations between these extremes may be ob- 
served. The extent of the red marrow spread is not dependent upon 
the length of the anemia period, nor is it related to the capacity of the 
dog to produce red cells and hemoglobin on standard diets. 
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IRON AND PORPHYRIN METABOLISM IN 
RELATION TO THE RED BLOOD CELL 


By S. Granick 
The Rockefeller Institute for Medical Research, New York, N. Y. 


INTRODUCTION: THE STRUCTURE OF HEMOGLOBIN 


One of the striking features of the evolution of the vertebrates is the 
development of a special oxygen-carrying molecule, hemoglobin, to 
meet the demand for the rapid combustion of metabolites in the body 
cells. There is only one other compound, the Cut protein hemocyanin, 
known today which possesses this property of hemoglobin, of forming 
a reversible addition compound with oxygen.* A further evolutionary 
adaptation is the concentrating of the hemoglobin molecules into spe- 
cialized cells, the erythrocytes, in which the hemoglobin makes up over 
80 per cent by dry weight of the cells. Calculated in terms of heme, 
the hemoglobin present is equivalent to about 1 billion molecules of 
heme per erythrocyte. If we compare this with the heme of an aerobic 
yeast cell of 7u diameter, which contains heme enzymes that activate 
oxygen, we find that such an actively respiring cell contains only about 
250,000 heme molecules per cell. Or, to put it in another way, the 
erythrocyte contains about 4,000 times more heme than an aerobic cell 
of about the same size. t 

Before discussing the synthesis and destruction of the heme molecule, 
we shall briefly consider, by way of introduction, the anatomical details 
of the heme and its attachment to the globin molecule, as revealed by 
more recent studies (FIGURE 1). From the x-ray and optical data of 
Perutz,!° and from the work of others, the following picture of the 
horse hemoglobin molecule is suggested. It is a protein of molecular 
weight 66,000, with 4 hemes lying parallel to each other on its surface. 
Two hemes are represented on the upper and two on the lower surface 
_ of the protein, although it is not possible to rule out that all four hemes 
may be on the same surface. The globin itself has the dimensions 


“™M. Calvin et al. (J. Am. Chem. Soc. 68: 2254-2267. 1946.) have recently re- 
ported on a number of cobalt coordination compounds of salicylic aldehyde and 
ethylene diamine that have the property of reversibly combining with oxygen 
in the solid state. A cobalt complex of histidine in aqueous solution also ap- 
pears to combine reversibly with oxygen according to the note of D. Burk et al. 
(J. Biol. Chem. 165: 723. 1946.). Michaelis (unpublished) has found that this 
latter compound behaves ae hemoglobin, since it loses its paramagnetic sus- 

ibili ombined with oxygen. j 
Pe necent eral studies on the auuit rat by Crandall & Drabkin (J. Biol. Chem. 
166: 653. 1946.) indicate that much higher concentrations of heme catalysts are 
present in tissue cells than had hitherto been suspected. They give the ratios 
of hemoglobin, myoglobin : cytochrome ¢, as 222: 7: 1. 


(657) 
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Figure 1. Anatomy of the horse hemoglobin molecule. 


64 X 36 X< 48 AB and is somewhat dumb-bell shaped in cross-section. 
The. disposition of the peptide chains in the protein as represented in 
the figure should be considered merely as a suggestion of a possible ar- 
rangement. It would contain four layers of peptide chains, a layer 
being 9 A thick. Each layer would be made up of four folded, in- 
dividual peptide chains, and an individual peptide chain would consist, 
on the average, of about 34 amino acids. 

‘Let us next consider the more intimate structural details of the heat 
units. By now, it has been well established that the heme molecule is 
madé up of an iron: atom, coordinately bound in a porphyrin ring. 
The naturally occurring porphyrin, “protoporphyrin IX, because of its © 
resonating structure of alter nating single and double bonds is a planar 
molecule of dimensions 14 X 17 A2, It consists. of four ‘pyrrole rings 
attached to. each other through four —CH—, methine, bridges. It 
has a characteristic arrangement of eight. side chains attached to the 


4 
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8, B’ positions of the pyrrole rings, the sequence of the sidé chains 
around the ring being methyl, vinyl, methyl, vinyl, methyl, propionic 
acid, propionic acid, methyl. The methyl groups are suggested to pro- 
tect the molecule from any possible side reactions in the cell. The 
vinyl groups appear to be necessary for the insertion of iron into the 
_ porphyrin.?* The iron is coordinately bound by the four nitrogens of 
the ring, with the possibility of binding two more atom groups above 
and below the planar surface. 

Each heme is attached to the globin surface at three places. The 
two ionized propionic acid side chains of the heme are held by two 
strongly basic. groups of the protein.!! The third attachment. is 
through the iron to a specific group on the protein, possibly an imidaz- 
ole nitrogen. This latter attachment, representing the fifth coordina- 
tion link, may perhaps be responsible for maintaining the iron in the 
ferrous state and endow the heme with the peculiar property of permit- 
ting the sixth coordination link to be reversibly held by an oxygen 
molecule. 

The addition of O. to the ferrous hemoglobin to form ferrous oxy- 
hemoglobin, produces a profound change in the electronic structure of 
this molecule. The magnetic measurements of Pauling and Coryell”: ? 
have shown that a molecule of ferrous hemoglobin contains four un- 
paired electrons. The oxygen molecule in its normal state is a biradi- 
eal, also containing two unpaired electrons. When O, adds to form 
ferrous oxyhemoglobin, not only do the four electrons of the iron atom 
pair, but the two electrons of the O, molecule also pair, resulting in a 
diamagnetic compound. Although the theoretical aspect of this mat- 
ter is not clear in every respect, it is a reasonable hypothesis to assume 
that this unusual electronic configuration of the O. molecule within the 
oxyhemoglobin complex is causally linked avith the inability of the Oz 
to oxidize the ferrous hemoglobin to the ferric state. 

In order to clarify the steps for normal heme production and destruc- 
tion, the material is presented in two parts, one connected with iron 
metabolism, and the other with porphyrin metabolism. The patho- 
logical abnormalities of these mechanisms will not be considered in 
“this paper, since they will be discussed elsewhere in this conference. 


IRON METABOLISM 


In single-celled life and in the lower animals, where hemoglobin is 
absent, heme pigments are present in very small amounts and function 
as portions of the oxidative catalysts, Yeast cells, for example, con- 
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tain heme in a concentration of about three parts in one hundred thou- 
sand, Ina 70-kg. man, the iron required for the manufacture of all 
the heme proteins of the body, except oxyhemoglobin and muscle 
hemoglobin, is only a few hundredths of a gram. In contrast to 
this, the iron required for the manufacture of the heme of the red blood 
cells is about 3.0 gm.: that is, about several hundred times as much 
iron is required for the red blood cells as for all the other body cells 
combined, excluding muscle hemoglobin. From these figures, it may 
be inferred that, during evolutionary development of the oxygen- 
transporting system, mechanisms had to be found for supplying and 
regulating the biologically huge quantities of iron required by the 
vertebrate for the manufacture of hemoglobin. _ The handling of more 
than trace amounts of iron appears to produce toxic symptoms, one 
suggestion being that, at body pH, ferric hydroxide has a great ten- 
dency to form, and this compound has the property of precipitating 
proteins indiscriminately. 

The more we learn about the iron metabolism of the body, the more 
we become cognizant of the specific mechanisms which have been 
developed to care for the iron, to shuttle it and channel it along well 
defined, prescribed routes to its destination. We shall attempt to 
discuss these mechanisms below. 


Iron Absorption 


Because of the high iron requirement, a means had to be devised by 
the body to facilitate considerably the absorption of iron from food- 
stuffs. In this connection, two significant properties of iron com- 
pounds should be mentioned: the great insolubility, at body pH, of. 
monomolecularly dispersed ferric hydroxide (about 1 X 10-" gm. 
Fet++ per cc.), and the far greater solubility of ferrous hydroxide 
(about 5 X 10-7 gm. Fet++ per cc.). Iron absorption is facilitated by 
converting the colloidal ferric hydroxide of foodstuffs to ferric ions, by 
means of the HCl of the stomach. At the same time, at this acid pH, 
the ferric iron is reduced to the ferrous state by the SH groups of pro- 
teins, ascorbic acid, and other reductants in the food."® This reduction 
may be readily demonstrated in the rat, for example, by feeding a, a 
dipyridyl with the food, as was first done by Lintzel.* The pyloric 
region becomes red, due to the formation of the ferrous dipyridyl com- 
plex. In the same paper, Lintzel also clearly showed that ferrous‘iron 
was the form in which iron was absorbed from the intestinal tract. 
When a, a dipyridyl was fed to young rats, it tied up any ferrous iron 
that was formed in the tract, the dipyridyl complex being completely 
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excreted in the feces. Under these conditions, no ferric iron was ob- — 
served to be absorbed, and the growing rats became anemic. 

Having made the iron available for absorption, how was the body to 
regulate the total quantity of iron? With Nat and K+, the body can 
absorb huge quantities and excrete the excess, thus maintaining a level 
for these elements in the body. In 1937, Widdowson and McCance'® 
first demonstrated conclusively that no mechanism existed for the ex- 
cretion of iron. Since the body did maintain a relatively constant 
level of iron, the conclusion was unavoidable that a mechanism must 
exist for the regulation of iron absorption, and that this mechanism 
must reside in the gastrointestinal mucosa. The work of Hahn, Bale, 
Ross, Balfour, and Whipple," using radio iron as tracer, indicated some 
remarkable properties of this regulatory mechanism. When a chroni- 
cally anemic dog was fed radio iron, it was found that the iron was 
absorbed at a rate 10 to 20 times that of the normal dog, indicating - 
that a resistance or ‘mucosal bloc” to iron absorption was present in 
the normal dog. There appeared to be a time factor and an intensity 
factor connected with this resistance. For example, when several 
hours after feeding iron a dose of radio iron was fed, it was found that 
the second feeding resulted in a lower rate of iron absorption than was 
~ expected. This resistance appeared to develop rapidly in intensity 
during a period of several hours, and to decrease relatively slowly 
within several days. There also appeared to be a relation between this 
resistance and the bodily stores of iron. When a normal dog was bled 
severely, the rate of iron absorption was found to be normal for about 
one to two weeks. Only after the bodily stores of iron had been 
utilized for hemoglobin production did the rate of iron absorption from 
the tract increase significantly. On the basis of these properties, 
Hahn et al. suggested the hypothesis that an iron acceptor, possibly 
similar to apoferritin, might be present in the mucosal cells. When 
this protein acceptor was saturated, no further iron would enter the 


cells. 

It has recently been demonstrated that ferritin is one of the im- 
portant factors in the regulation of iron absorption.!” Ferritin is a 
“compound of the protein, apoferritin, of molecular weight 465,000, hav- 
ing on its surface small micellar units of a particular kind of ferric 
hydroxide.? The iron can make up as much as 23 per cent by dry 
weight of the compound. Ferritin was first discovered by Laufberger, 
who obtained it as a crystalline compound with CdSO,. It is possible 
-to remove the iron completely from the protein, and the protein itself 
will then crystallize with CdSO,. Still another peculiar property of 
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ferritin was discovered by Michaelis, namely, that the iron hydroxide 
in ferritin is magnetically distinguishable from iron hydroxides found 
elsewhere in nature. 


In order to demonstrate the relation of ferritin to the regulation of 
iron absorption, the guinea pig was used as an experimental animal. 
Ferritin could be shown to be present in traces normally in the duo- 
denal mucosa of the guinea pig. When iron was fed, an increase in 
ferritin content was observed in the mucosa all along the gastrointesti- 
nal tract. .In the duodenum, the ferritin content reached a maximum 
in seven hours and decreased by the third to sixth day to the level 
found in the control guinea pig. These changes in ferritin content 
parallel the rapid rise in resistance to iron absorption by the mucosa, 
and also parallel the relatively slower decrease in the resistance or 
diminution in the mucosal bloc. 


The mechanism for the control of iron absorption suggested is the 
following (FIGURE 2): Iron is absorbed by the mucosal cells in the fer- 
rous form. In the mucosal cells, it is postulated that an equilibrium 
exists between the ferrous iron of the cells and the ferric iron of ferritin. 
In the presence of ferritin, the cells are considered to be ‘“‘physio- | 
logically saturated” with ferrous iron. Only when the ferritin iron has 
decreased to a point where the cells are no longer “physiologically 
saturated”’ with ferrous iron would more iron be absorbed by the cell.* 
It is this slow,-desaturation process, maintaining the cells in a state of 
saturation for several days, which is postulated to delay further iron 
absorption from the gut and which thus represents the ‘“‘mucosal block.” 


At this point, we may note a curious and unexpected finding. It 
might have been expected that the protein, apoferritin, is present in 
the mucosal cells, and that, when the iron comes along, it gets attached 
to the apoferritin. This, however, is not the case. When there is no 
ferritin, or very little, in the mucosa, neither is there apoferritin. 
When iron is absorbed, the apoferritin increases markedly and com- 
bines with the iron. Thus, the absorbed iron in some way appears to 
induce the formation of a specific protein to which it can attach itself 
in a specific manner. It should also be noted that, when ferritin is 
being depleted of its iron, the apoferritin also rapidly disintegrates. 


* The concept of “physiological saturation with respect to ferrous iron” ex- 
presses a dynamic rather than a static concentration of ferrous irom et thé 
cells, This saturation level may be considered to be governed by the rate at 
which ferrous iron is oxidized and formed into ferritin iron micelles and the rate 
at which the reduction of ferritin iron micelles will occur to the ferrous state. 
These rates are evidently not fixed but depend on what may be loosely called the 


“redox” level of the cell, that is, the concentration ¢ « i 
are being activated as reductants and Tratloncand Yate atime 2 ee 


e Is 2 the concentrati g ~ i 
is being activated as oxidant, centration and rate at which oxygen 
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Iron Transport 


The iron entering or leaving the cells is postulated to be in the ferrous 
form, because of the greater solubility of this form. It is assumed that 
iron leaves the mucosal cells and enters the blood stream in the ferrous 
form. In the blood stream, it is immediately autoxidized to the 
ferric form. Here again, the body appears to have developed a special 
mechanism for transporting the iron. The iron is not attached hap- 
hazardly to the serum proteins in general, but appears to be attached 
to a protein contained in the ; globulin fraction.“* In this frac- 
tion, Schade and Caroline found a substance to be present which binds 
iron so firmly that this iron cannot be used by the Shigella organism for 
its growth. The complex of the iron-protein is of an orange-brown 
color, resembling the iron complex that was found by these authors 
with a component of egg white.” 

The serum iron, in normal man, runs about 130 y per cent. When 
10 mg. of iron were injected intravenously, Waldenstrom,'* and later 
Holmberg and Laurell!® found that a maximum value of about 300 7 
per cent iron was obtained. This was reached in five minutes, and 
remained at about the same level for several hours. This amount of 
iron in the serum was less than expected, if one calculated the iron 
concentration on the basis of total plasma of the body. Intravenous 
injection of more iron did not increase the serum iron level, but rather 
led to the development of toxic symptoms. The saturation level for 
serum iron suggests that a limited amount of a specific substance is 
present in the blood stream to carry the iron. Schade and Caroline 
calculated that the concentration of their active fraction in the serum 
was sufficient to carry about 260 y per cent Fe at saturation level, in 
good agreement with the approximately 300 y per cent Fe actually 
observed at that level. 

The iron in the serum has the interesting property of being readily 
reduced by hydroquinone at pH 4.6.!' Ferritin iron, in contrast, is 
scarcely reduced under these conditions. Here, then, are two iron 
compounds of the body, of non-porphyrin nature, which can readily be 
distinguished from each other by their ease of reduction. 


Iron Storage 


In radio iron studies made in collaboration with Hahn, it has been 
found that large amounts of iron, as ferric ammonium citrate, can be 
taken out of the circulation within a few hours, chiefly by the liver. 


* BH. J. Cohn’s group at Harvard has recently crystallized this serum protein. 


It has a molecular weight of 90,000 an i 
thee Hen d appears to carry one iron atom per pro- 
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The iron absorbed by the liver, spleen, and bone marrow is stored 
mainly in the form of ferritin.? After injecting 9 mg. of radio iron, as 
ferric ammonium citrate, intravenously into a dog, some 40 per cent of 
it was recovered in the liver in the first hour, and 60 per cent in the 
second hour. After thirteen days, 82 per cent of the radio iron was 
found in the liver. Of the iron isolated in the ferritin-rich fraction, 
and in the crystalline ferritin, about three-fourths was found to be 
radio iron. 

The iron of degenerating erythrocytes was also taken up in a similar 
manner and stored in the form of ferritin. For this experiment, donor 
dogs were bled severely and then fed radio iron. Following this, the 
newly formed cells contained radio iron. These new cells were in- 
jected into another dog, which was then treated with phenyl hydrazine, 
to cause a rapid breakdown of its erythrocytes. After six days, it was 
found that the liver contained 55 per cent of the radio iron. The fer- 
ritin recovered from this liver also contained radio iron. Thus, inor- 
ganic iron and hemoglobin iron could be shown to be stored in the form 
of ferritin. The iron in the ferritin thus isolated was also identified by 
magnetic measurements, and found to have the characteristic magnetic 
susceptibility identifiable with ferritin-iron. 

Since the level of iron in the blood stream is relatively constant, a 
mechanism must be present for maintaining this level. We are com- 
pletely ignorant of this mechanism. . It is known, however, that the 
requirement for iron in bone marrow, after hemorrhage for example, 
is met by draining the liver and spleen of iron stored in the form of 
ferritin. Not only does ferritin iron decrease in the liver, but the pro- 
tein, apoferritin, is also removed, possibly to supply part of the amino 
acids to form new hemoglobin. 


Summary of Iron Pathways 


It may be well to summarize, at this point, our present knowledge of 
the pathways of iron in the body (FIGURE 2). The ferric iron is con- 
verted to ferrous iron by reducing substances in the food at the acid 
pH of the stomach. The absorption of iron appears to take place all 
along the gastrointestinal tract, though mostly in the region of the 
duodenum, and is regulated by the mucosal cells. Ferrous iron enter- 
ing the mucosal cells brings about a rapid accumulation of the specific 
protein, apoferritin, to which the iron attaches itself in the form of mi- 
celles of ferric hydroxide, the resulting compound being called’ ferritin.” 
In the mucosal cells, the ferric iron of ferritin is in equilibrium with the 
ferrous iron. It is assumed that, when the cell is saturated with re- 


666 ANNALS NEW YORK. ACADEMY OF SCIENCES 


spect to ferrous iron, no further iron will be absorbed from the gastro- 
‘ntestinal tract. The accumulation of ferritin is rapidly established 
within several hours, but disappears slowly within several days. The 
storage of iron in the form of ferritin helps to maintain the ferrous iron 
in this state of physiological saturation for a period of several days, 
thus preventing the absorption of excessive amounts of iron. As fer- 
rous iron moves out into the blood stream, it is rapidly autoxidized to 
ferric iron, attaching itself, possibly, in some specific complex to a 
component of the @; globulin fraction of the serum. In this manner, 
it is transferred to the liver, spleen, and marrow, where it may be 
stored as ferritin or directly utilized by the marrow in the synthesis of 
heme. The iron resulting from degenerating erythrocytes is carefully 
conserved and either utilized directly for heme synthesis or stored as 
ferritin. 

That summarizes our knowledge of iron metabolism. We are still 
ignorant of why iron moves only one way, from the gut into the mucosal 
cells; why the iron brings about the accumulation of apoferritin; what 
enzymes are connected with the dissolution of the iron from the ferri- 
tin; what the “physiological saturation” level of ferrous iron is in the 
mucosal cells; how this level is affected in cases of chronic anemia; how 
iron moves into and out of cells; what enzyme systems are connected 
with the incorporation of iron into the protoporphyrin ring; and what 
interplay of many factors comes into the picture of a relatively level 
iron content of the plasma. 


PORPHYRIN METABOLISM 


The Mechanism of Heme Synthesis 


In the marrow, the formation of the first traces of hemoglobin is 
noted in the polychromatophile erythroblasts. At this stage, the cyto- 
plasm is still predominantly basophilic, due, it is suggested, to its high 
content of ribosenucleic acid, the acidophilic stain indicating globin 
formation. By the time the normoblast has matured, the cell is 
saturated with hemoglobin, the last vestiges of ribosenucleic acid being 
visible as the reticulum in the reticulocytes.” According to the in- 
teresting investigations of Plum,” there appears to be a thermolabile 
“unripe” substance, especially high in concentration in the mucosa of 
the fundus stomach, which, when carried to the reticuloendothelial 
system, is activated there by tyrosine, resulting in the formation of a 
fully ripe maturing substance present in the -blood plasma. This 
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maturing substance, acting on the reticulocytes, is claimed to cause 
the disappearance of the reticulum. 

A beginning has been made in the understanding of the mechanism 
of heme synthesis, by the fundamental discovery of Shemin and 
Rittenberg,* who found that glycine labeled with heavy N is the 
nitrogenous precursor of the pyrrole ring. Acetic acid or a closely 
related compound also appears to participate in this synthesis.2° 
Chemical support for pyrrole formation from glycine is suggested by a 
new reaction described by Fischer and Fink.** Under the mild condi- 
tions of pH 8 and room temperature, the condensation of formylacetone 
with glycine occurred in a short time, and a positive Ehrlich color re- 
action was obtained for pyrroles. No knowledge is available concern- 
ing the normal intermediate dipyrroles which may be precursors for the 
tetrapyrrole, protoporphyrin IX. In considering the possible inter- 
mediate steps in the synthesis of protoporphyrin, it may, however, be 
well to bear in mind the uroporphyrins and coproporphyrins of Types 
I and III. These compounds, as Dobriner' suggests, may furnish 
some important clues to the main pathways of porphyrin synthesis. 
At the same time, the findings of Waldenstrém,’ of reactive dipyrryl 
methenes appearing in certain cases of acute porphyria, are also inter- 
esting in connection with the study of the possible normal intermedi- 
ates of the porphyrins. 

That the protoporphyrin ring is first synthesized and the iron then 
inserted, rather than the pyrroles being formed about the iron atom, is 
suggested by the work of Lwoff?’ on Haemophilus influenzae. Granick 
and Gilder,?® working with several smooth strains of the same organism, 
found that the presence of the vinyl groups appears necessary for the 
insertion of iron into the ring. Further support for this idea, that 
protoporphyrin is a direct precursor of heme, is the fact that protopor- 
phyrin has been detected in red blood cells in small amounts, 9-19y/ 
100 ee. blood,?* while some red blood cells, especially normoblasts®° and 
reticulocytes, have been observed to fluoresce due to their protopor- 
phyrin content.*!: ® 


Site of Destruction of Heme 


The destruction of the erythrocytes, or fragments of erythrocytes, or 
of the hemoglobin molecules themselves appears to be completed in the 
phagocytic cells of the reticuloendothelial system. This process has 
been adequately described in the reviews of Rous’ and of Rich.‘ 
Phagocytosis results in the digestion of the globin, the release of iron 
from the heme, and the conversion of the ring porphyrin to the open 
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chain tetrapyrrole bilirubin. All the evidence points to this process as 
the normal one. can 

There appears to be some evidence that, under normal, conditions, 
the preliminary stages of heme breakdown may possibly occur without 
the intervention of the reticuloendothelial system. For example, 
Lemberg and Kiese, independently, have reported bile pigment pre- 
cursors in circulating erythrocytes. Czike*? has observed an increase 
in bilirubin on incubating, in plasma, erythrocytes separated from 
white blood cells. : 

The histological appearance of horse spleen, where a rapid, perhaps 
excessive, destruction of erythrocytes occurs, is suggestive of the pos- 
sibility that heme decomposition may occur directly in erythrocytes 
under the influence of the reticuloendothelial system. Here, an inter- 
mediate stage of this destruction may be observed. Examination of 
freshly teased horse spleen reveals the following picture: Many of the 
erythrocytes in the fresh spleen are sphered, and some are swollen, a 
result which Ham and Castle** regard as due to storage of these cells in 
the sinusoids of the spleen. By staining fresh tissue with 0.9% saline 
containing H.S, in order to determine the distribution of inorganic iron, 
one can see spherical cells containing hemoglobin turn pale grey, in- 
dicating the presence of diffuse inorganic iron in these cells, presumably 
arising from the splitting of the heme molecule. This suggests that 
hemoglobin destruction may be taking place within these erythrocytes, 
perhaps induced by oxidative substances diffusing out from the splenic 
cells of the sinusoids. Consequent on the rapid destruction of the 
erythrocytes, the macrophages are seen to contain large irregular 
hemosiderin granules. On some crenated erythrocytes, several dis- 
crete black granules, representing iron of denatured hemoglobin, are 
visible. The rather high methemoglobin values found in circulating 
horse erythrocytes** might possibly also indicate an oxidative effect of 
the spleen on these cells. Here, then, is an example of a preliminary 
stage of hemoglobin breakdown, if the interpretation is correct, in 
which iron is seen to be released in the red blood cells even before they 
are phagocytized. 

Under abnormal conditions, such as phenyl hydrazine poisoning, 
Legge and Lemberg*® have found that the heme in the erythrocytes can 
be converted to bile pigments without the intervention of the reticulo- 
endothelial cells. It is not known, however, whether the bile pigments 
produced by such treatment are a mixture of isomers or correspond to 
bilirubin [Xa. 


It is probable that all cells of the body have the ability to tear down 
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their respiratory heme catalysts, and it is conceivable that the break- 
down process of the heme may not be the same in all the cells. If one 
assumes that bilirubin from natural sources such as gallstones and 
blood extravasates is a single isomer, then bile pigment formation by 
the reticuloendothelial cells must be sterically or enzymatically con- 
trolled. Whether other body cells might contain these same steric 
factors or enzymes, is not known. 


Intermediates of Heme Degradation 


The coupled oxidation of erythrocyte hemoglobin with such com- 
pounds as ascorbic acid, H,S, HCN, or phenyl hydrazine in the pres- 
ence of oxygen, leads to a mixture of green pigments together with 
denatured globin, the “verdoglobins” which absorb in the neighbor- 
hood of 600-670 my and are differentiated by their absorption spectra. 

When hemoglobin is treated, for example, with ascorbic acid, a solu- 
ble derivative with a band at 628-630 muy arises, which Lemberg et al.*® 
designated as “choleglobin.”” Later, an insoluble protein compound 
arises, ‘denatured choleglobin,” which, in alkali plus hydrosulfite, has 
a band at 618-622 my. A further oxidation product results in a band 
at 670 mu. Already at the choleglobin stage, the Soret band in the 
ultraviolet appears to be lacking,’ indicating that the resonance 
around the ring has vanished, and bile pigment can be obtained from 
it by treatment with 66 per cent acetic. 

A natural precursor of the bile pigments appears to exist in beef or 
‘horse catalase,** in which some of the 4 Fe protoporphyrin groups per 
molecule may be replaced by groups still containing the iron atoms, but 
from which bile pigment and the release of iron may be obtained on acid 
treatment. The activity of the catalase is proportional to the number 
of intact Fe protoporphyrin groups. These precursor groups of bile 
pigment, unlike Fe protoporphyrin, give a hemochromogen in alkaline 
solution with hydrosulfite that has a band at 650 mu. There is a re- 
semblance here to the pigment choleglobin, since the alkaline hemo- 
chromogen with hydrosulfite and CO gives a band at 630 my which, on 
removal of CO, shifts to 618 my. However, in the catalase, not only is 
there a band at 630 muy, but there appears to be another beyond 700 mz 
which is absent in choleglobin. 

The bile pigment precursors under normal conditions probably make 
up less than 0.5 per cent of the circulating hemoglobin. The amount 
of ‘“‘verdoglobin” in erythrocytes which gives rise to bile pigment on 
treatment with acetic acid has been estimated by Legge and Lemberg*® 
to be below one per cent of the hemoglobin. This is in agreement with 
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the work of Kiese,‘° who estimates it to be between 0.3 and 0.5 per cent. 
This low value is also in accord with the work of Ramsay,** who found 
that over 99.5 per cent of the hemoglobin in the human is functional 
for O» transport. The claim of Barkan and Schales,* that some 6 per 
cent of the erythrocyte hemoglobin was in a stage where the pigment 
could readily liberate iron, has been shown by Lemberg to be due to an 
autoxidation of the hemoglobin at the time it was denatured by acid. 


Chemical Studies of the Formation of Bile Pigments 


The sequence of events leading from hemoglobin to the bile and 
excretory pigments has been clarified in recent years, mainly due to 
the chemical studies. of Libowitzky, Fischer, Siedel,° Lemberg, and 
Watson.® ° 

When a comparison is made between the structure of the ring proto- 
porphyrin IX naturally occurring in hemoglobin, and the open chain 
bile pigment biliverdin (FIGURE 3) which results from its breakdown, it 
is evident that the fission of the ring must have occurred at the a 
methene link. Here, the methene C atom has been split out, and two 
OH groups are formed on the adjoining pyrrole rings land II. A study 
of a symmetrically constituted Fe porphyrin, the Fe coproporphyrin I 
tetramethyl ester, permits a better chance to isolate oxidation pro- 
ducts, since, in this molecule, all the methene C atoms are identical. 
Libowitzky and Fischer,” using this model, were able to isolate several 
crystalline oxidation products. 

H2Os, under special circumstances, appears to bring about the oxi- 
dation quite readily. The first step in the oxidation seems to require 
all the six coordination places of the iron to be firmly occupied, and the 
iron to be in the ferrous state. This set of conditions is present, for 
example, in denatured globin ferrous heme (globan Fe++ protopor- 
phyrin) or in pyridine ferrous heme (dipyridine Fe++ protoporphyrin). 
If H2Oz is added to these compounds in very small quantities, or H.O» 
is generated from the autoxidation of ascorbic acid or hydrazine hy- 
drate, etc., the oxidation of a methine link takes place. 

According to Lemberg et al.,°° the treatment of Fe protoporphyrin 
with pyridine and ascorbic acid results in a green solution with absorp- 
tion bands at 655, 531, and 500 mu. This is probably a mixture of 
related compounds. No Soret band is present, but only a low absorp- 
tion between 4,000-3,000 A.37 On addition of acid, biliverdin and 
biliviolin can be isolated; the biliverdin LX dimethyl ester of correct 
m.p. was isolated by Lemberg® in about 2 per cent yield. It is sug- 
. gested by Lemberg that the green solution still contains Fe, but the 
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Fe protoporphyrin IX to bile pigments 
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Fiaure 3. The conversion of hemin to bile pigments. 


ring is believed to be opened and to have lost a methene C atom 
(ricuRE 3). By addition of ammonia, this Fe compound is readily 
converted to a crystalline Fe azaporphyrin in a 20 per cent yield,“ pos- 
sibly lending support to the open ring structure for the green pigment. 

In the case of Fe coproporphyrin, Libowitzky and Fischer found that 
H.O, oxidation in pyridine gave rise to a green compound with a band 


672 ANNALS NEW YORK ACADEMY OF SCIENCES 


at 655 mu, the iron being converted to the ferric state, and the —CH 
methine link being oxidized to a C—OH (Ficure 4). On further 
shaking with air in the presence of pyridine, the methine link was 
further oxidized to the C=O compound, also green with similar ab- 
sorption bands. This a keto derivative was called a “verdo” heme, to 
distinguish it from the a hydroxy derivative. It was possible to prove 
that the ring was intact at this stage by reducing, with PdHe + formic 
acid, the Fe coproporphyrin I verdo ester to coproporphyrin I tetra- 
methyl ester.4® On adding a trace of alkali-to the Fess copro a keto 
compound, a brown-yellow pigment arose which still did not give a 
positive Gmelin test. Then, making this brown compound weakly 
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Ficure 4. The conversion of coproporphyrin to coprobilirubin. 
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acid resulted in the formation of the blue-green open chain, copro- 
glaukobilin I « ester, and the splitting-out of the iron. Although a C 
atom should have come off at this stage, it was not identifiable. To 
complete the chemical picture, the coproglaukobilin ester, which would 
correspond in oxidation level to biliverdin, was reduced by Zn-dust and 
acetic acid to the corresponding bilirubin, 7. e., coprobilirubin ester I a. 


The Autocatalytic Conversion of Heme to Bile Pigment 


The following hypothesis, in part modified from Lemberg, is sug- 
gested to explain the degradation of hemoglobin to the bile pigment in 
the body. This degradation appears to be a peroxidative process, the 
heme bringing about its own destruction once the specific linkage of the 
heme to the globin is destroyed. 

It will be recalled that the globin possesses a grouping to which is 
attached one of the covalent linkages of the ferrous iron of heme. This 
linkage seems to protect the iron from being autoxidized to the ferric 
state by Os, yet permits it to hold an O: molecule loosely. 


+02 
denaturation 
Fe++ hemoglobin ———————— Fe** heme globan Fe*** heme globan + H20s 
SRE 
Reducing mechanism 
of cell 


xH,0: + Fe++ hemoglobin ——————— globan + bile pigment + Fe*** 


Ficure 5. Self-destruction of heme. 


The group on the protein to which the iron is normally attached may 
be destroyed without a perceptible change in the remainder of the pro- é; 
tein, and the heme may still be attached to the globin by its two pro- 
pionic acid groups. An analogous condition is evident in catalase, for 
example, where one or more of the four hemes may have been converted 
to a bile pigment precursor, and yet where the protein otherwise ap- 
pears to be intact. On the other hand, the globin may be denatured, 
in which case the heme becomes held sufficiently tightly by two nitro- 
gen containing groups of the globin coordinating the iron to form a 
hemochromogen (Fet++ heme globan). This ferrous compound has a 
great tendency to be autoxidized, O2 oxidizing the molecule to the 
ferric state and H.O, being produced in the process (FIGURE 5). The 
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ferric compound may now be reduced by the reducing mechanisms of 
the erythrocytes which utilize glucose, and the hemochromogen. is 
again autoxidized, HO» again being formed. The cycle of oxidation 
and reduction with the formation of H,O2 repeats itself. The H20, 
formed is normally destroyed by the catalase of the cell, but if the 
catalase is also denatured, or is spatially unavailable, or is inhibited by 
an organi¢ peroxide, thé H2O2 will tend to oxidize the porphyrin ring 
through successive stages leading to biliverdin. The H2O: also tends 
to denature the globin, so that, when sufficient hemoglobin is dena- 
tured, the breakdown should occur spontaneously. The heme mole- 
cule, once its iron link is torn off from its normal linkage to the globin, 
has thus the property of self-destruction: The work of Keilin and 
Hartree“ has revealed a curious reaction which may have significance 
in this connection. When erythrocytes are mixed with a system such 
as the enzyme glucose oxidase and glucose, HO» is liberated; this 
H.O, is found to diffuse into the erythrocyte and oxidize the hemo- 
globin, in spite of the presence of catalase in the cell. If such a peroxi- 
dative process were to occur in the spleen, where some of the red blood 
cells were stagnant in the spleenic sinusoids, and the spleen cells were 
producing the H.Os, it might account for the preliminary stages of 
hemoglobin destruction observed, for example, in the red cells of the 
horse’s spleen. 


The Bile Pigment Reduction Products 


Biliverdin produced by the peroxidative breakdown of heme is re- 
duced to bilirubin, which seeps into the blood stream, attaches itself to 
the serum albumin molecules, probably by means of its ionized pro- 
pionic acid groups, and is transported in this manner to the liver!” and 
then out into the duodenum.* The reduction of biliverdin to bilirubin 
has been shown to occur in liver mash within the narrow pH range of 
7.4-7.6.4% Indeed, the reduction by liver mash, especially in the 
presence of cysteine, K2HPO,, and glucose could be carried so far that 
even the pyrrole reaction was no longer positive.‘® 


Under normal conditions, the reduction of bilirubin to urobilinogen 


* According to Polonovski e¢ a/.. (Bull. Soe. Chim Biol. 24: 221 1 ili i 
when mixed with serum albumin, gives the direct Van den Bergh ceee nee 
reaction with sulfanilic acid. When bilirubin is mixed with globin, the indirect 
or delayed reaction occurs. In normal human serum, Watson? gives values of 
the promptly reacting bilirubin as below 0.2 mg. per cent, and of the indirectly 
reacting bilirubin as 0.25-1.0 mg. per cent. The work of Polonovski et at would 
then suggest that bilirubin Was transported mainly on globin. This is in con- 
tradiction to the studies of Pedersen and Waldenstrom. These investigators 
used cataphoresis to distinguish between albumin and globin, because of differ- 
ences in the isoelectric point of these two proteins. They concluded that biliru- 
bin was transported by serum albumin and not by globin, | 
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does not occur in the liver, as has been shown by the careful work of 
McMaster and Elman®*® with bile fistula dogs, but in the intestinal 
tract, mainly in the colon. This reduction occurs so rapidly that only 
the reabsorption of urobilinogen is observed in the portal vein.*! 
Bacterium coli under certain conditions is capable of reducing biliru- 
bin to stercobilinogen, no urobilinogen being detected. However, the 
feeding of urobilinogen or incubation of this compound with feces can 
be shown to give rise to stercobilinogen.® In spite of their reductive 
capacity, the B. coli were not able to convert biliverdin to bilirubin, 
because they could not reduce the central methine link.*® By present- 

day methods, only about half of the bilirubin excreted into, the intestine 
~ ean’be accounted for in recoveries of the colorless products, urobilino- 
gen and stercobilinogen. In the presence of air, these latter com- 
pounds are mainly autoxidized to brownish red products, urobilin and 
stercobilin.* If bilirubin escapes reduction in the intestinal tract, it 
would be oxidized to biliverdin in contact with air, and the feces would 
have a green tinge (F1GuRE 6). 

In cases of rapid erythrocyte destruction, an increased excretion of 
urobilinogen and stercobilinogen would result, a certain amount of 
these pigments being reabsorbed and excreted in the bile. Only traces 
of these compounds are normally ever excreted by the kidney. How- 
ever, in liver damage, they are not re-excreted into the bile, but rather 
escape into the general circulation and are excreted by the kidneys.® 


Quantitative Conversion of Heme to Bile Pigment 


The problem of whether heme is quantitatively converted to bile 
pigment seems to have been answered in the affirmative through 
several converging lines of evidence. 

One type of experiment is the intravenous injection of hemoglobin 
solution into dogs with bile fistulas, which appears to lead to the re- 
covery of 90-100 per cent of heme in terms of bile pigment. The con- 
version of hemoglobin solutions to bile pigment was almost complete 
in five days. Even in anemic dogs, the hemoglobin solutions injected 
were rapidly broken down, the heme being almost quantitatively ex- 
ereted as bile pigment, while the globin was used for the synthesis of 
new erythrocytes. 

An estimation of the quantitative conversion of heme to bile pigment 
can also be made from data on the length of life of an erythrocyte and 
the total bile pigment excreted. However, for this calculation the 
lifetime of an erythrocyte must be determined. In an ingenious ex- 
periment, Hawkins and Whipple,* using bile fistula dogs, first induced 
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the rapid formation of new erythrocytes and then followed the level of 
bile pigment excretion. This was uniform until about 100 days had 
elapsed, at which time the bile pigment excretion values rose pre- 
cipitately for about 2 to 3 weeks, attaining a maximum at about 120 
days and then falling off. This figure of 120 days is not far from that 
calculated by Watson®: 7.e., 140 to 160 days for the life of a human 
erythrocyte based on an average excretion of 300 mg. of bilirubin per 
day. Shemin and Rittenberg,* by following the heavy glycine N in- 
corporated into heme and noting its rate of decrease, have estimated, 
for one experiment, the average lifetime of the human erythrocyte to 
be about 125 days, confirming the other values. Since the lifetime as 
calculated from bile pigment excretion studies agrees reasonably well 
with the lifetime as determined by other methods, it may be assumed, 
with a reasonable degree of certainty, that heme is quantitatively con- 
verted to bilirubin in the body under normal physiological conditions. 

It is probable that several factors balance each other in the deter- 
mination of the quantitative conversion of erythrocyte heme to bile 
pigment. Bile pigment is not only derived from the heme of the 
erythrocytes, but also from the heme of muscle hemoglobin, which may 
be equivalent to about 10 per cent of the total circulating hemo- 
globin. This factor would tend to increase the bile pigment values 
possibly by as much as 10 per cent” above those expected from red cell 
breakdown alone. At the same time, it is probable that some of the 
heme is broken down to further oxidative products such as the dipyr- 
roles, propentdyopent,®® the mesobilifuscins,® and possibly the uro- 
chromes. All of these recognized and some still unknown smaller 
fragments are not determined by the usual bile pigment methods, and 
would tend to decrease the expected bile pigment values, possibly by 
5-10 per cent. No better estimation is at present possible, until more 
precise quantitative methods for bilirubin and other bile pigments 
become available.*” 

Although these data indicate that bile pigment can be accounted for 
reasonably well as derived from the breaking down of hemoglobin, it 
has still to be considered whether the degradation of the heme leads 
quantitatively to the bilirubin [EX a isomer. The color reactions do 
not distinguish between the four possible isomers. Chemically, there 
is no reason yet known that would suggest why the methine bridge at 
the a position is more unstable than the other positions. There may, 
however, be a steric or an enzymic reason which has not yet been 
elucidated. It is true that isolations of natural products, primarily 
from beef gallstones, have led to crystalline derivatives of the type 
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bilirubin [Xa, but the yields in terms of total bile pigment have not 
been reported, and proof was not presented that other isomers did not 
also occur. Recently, Watson and ‘Schwartz have clearly demon- 
strated®’ that human fistula bile contains bile pigment related primarily 
to the a isomers, indicating that it is the a methine C atom which is 
split out of the porphyrin ring. It would be of interest to know 
whether other isomers were completely absent, and whether the same 
methine bridge is broken preferentially in cases such as phenyl hy-. 
drazine poisoning. 


Summary of the Chemistry of Normal Heme Decomposition 


The Fe protoporphyrin IX of hemoglobin may appear to undergo 
preliminary oxidative changes in the erythrocytes, even before the 
hemoglobin escaping from the red cells themselves is engulfed by 
cells of the reticuloendothelial system. Since only the a-methine link 
of the porphyrin ring is attacked, one must assume either steric factors 
or enzyme mechanisms to be already present in the erythrocytes which 
can bring about this a-methene oxidation. 

The first oxidative product (FIGURE 3) is a green a hydroxy com- 
pound and the next one is a green a keto product. A further oxidation 
product, for which evidence is indirect and unsatisfactory, is one in 
which the a C atom has been lost, the ring opened up, but in which the 
iron is still present. The next step appears to be a rearrangement in 
which the iron is lost, and the open chain, blue-green tetrapyrrole 
compound is formed. This compound is the bili-triene, having three 
double bonds in its chain, and is designated as biliverdin IX a. The 
‘a’ here denotes that the splitting of the ring has occurred at the a 
position. Biliverdin is reduced to the orange-yellow, bili-diene, biliru- 
bin, by addition of 2 H atoms to the double bond attached to the 
central C y methene atom. The bilirubin is excreted through the gall 
bladder into the duodenum, where it is further reduced by the bacterial 
flora. One product, in which 4 H atoms are attached to bilirubin at 
the 2 double bonds of the chain, results in the colorless saturated- 
chain, bilane compound, urobilinogen IX a. This compound in con- 
tact with air is oxidized at the central or y C atom to the bili-ene, 
urobilin IX @ of orange-red color. Another colorless reduction product 
is stercobilinogen IX a. Here, not only the double bonds along the 
chain have been reduced, but the rings I and IT at the ends of the 
chains have been partially reduced, resulting in the formation of an 
optically active compound. In contact with air, this leuco compound 
is oxidized at the y methylene C atom to the bili-ene, stercobilin, also 
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of orange-yellow color. The urobilin and stercobilin are the main 
colored products observed, but small amounts of further oxidation 
products, such as the red bili-dienes, are also formed. 

In conclusion, one may note that, although the mapping-out of the 
breakdown products of heme to bile pigments has met with marked ~ 
success, much remains to be learned, especially about the building-up 
mechanisms for heme synthesis. For example, how are the pyrroles 
formed from glycine and acetic acid? Are two dipyrrol methenes first 
formed and then combined, or are the single pyrroles hooked up one 
after another to form a ring by some kind of condensation, possibly an 
aldol condensation? What array of enzymes takes part in such 
schemes? How does space isomerism come into play in the synthesis 
of the porphyrins and in the behavior of the bile pigments? Many 
other questions come to mind. We have undoubtedly made only a 
beginning in these studies. 
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ETIOLOGIC CONSIDERATIONS IN 
MACROCYTIC ANEMIAS 


By WILLIAM B. CasTLE 
Harvard Medical School, Boston, Massachusetts 


Macrocytosis is not only characteristic of anemias of nutritional 
deficiency, but is also associated with hemolytic crises and anemias due 
to toxie factors. In general, macrocytosis occurs in anemia when 
hemoglobin production is normal or accelerated relative to red cell 
production. In the case of nutritional anemias with relatively little 
increase in cell volume, the term, macrocytic, when applied as a contrast 
to the term, hypochromic, has obvious shortcomings. 


Human nutritional macrocytic anemias may be due to direct or con- 
ditioned nutritional deficiency, and may be conveniently classified 
according to their response either to refined or to crude liver extract or, 
in the opinion of some observers, to vitamin C. There is a small group 
of cases with slightly macrocytic anemia, with diets especially deficient 
in animal protein, which exhibit free hydrochloric acid in the gastric 
contents and which do not respond to usual doses of parenterally ad- 
ministered refined liver extract. This type of anemia, which has been 
observed in India, Scotland, Scandinavia and the United States, is 
often associated with pregnancy, and responds dramatically to crude 
liver extract orally administered. Thus, crude liver extract apparent- 
ly contains both the principle effective in Addisonian pernicious anemia 
and another substance, for which the term ‘Wills’ factor” is proposed. 

The mechanisms conditioning a deficiency of the principle effective 
in Addisonian pernicious anemia include deficiency of food (extrinsic) 
factor, the gastric (intrinsic) factor, increased degree of intestinal 
impermeability, and the inhibitory effect, observed by von Bonsdorff, 
of extracts of Diphyllobothrium latum segments on proteolysis at neutral 
reaction in normal human gastric juice. Agren and Waldenstroem 
have recently reported on the action of an amino polypeptidase, derived 
from hog gastric mucosa, in potentiating the hematopoietic activity of 
orally administered liver in pernicious anemia. From this, it is in- 
ferred that the amino polypeptidase presumably acts as the gastric 
(intrinsic) factor. The nature of the food (extrinsic) factor remains 
uncertain. The available evidence does not entirely favor either of 
the alternative theories (maturation arrest or hemolysis) as the im- 
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mediate mechanism for producing the anemias in Addisonian pernicious 
anemia. 

The unexpected and paradoxical findings of Spies, Moore, Darby 
and others, that synthetic L. casei factor (“‘folic acid’”’), although present 
in negligible amounts in liver extract, is highly active in pernicious 
anemia and sprue, can, at the moment, be profitably discussed only 
from the standpoint of the experimental background and clinical re- 
ports in the literature. It is interesting that purified fractions of liver 
extract have been prepared which possess a distinctly greater activity 
in pernicious anemia than does folic acid on a comparative dry weight 
basis. 


HEMOLYTIC MECHANISMS 


By WiuurAM DAaMESHEK 


Blood Laboratory of the New England Medical Center, The J. H. Pratt Diagnostic 
Hospital, and Tufts College Medical School, Boston, Massachusetts 


PHYSIOLOGIC PRINCIPLES 


The exact mechanisms involved in normal red blood cell destruction 
are quite obscure. It is known that the mature, non-nucleated eryth- 
rocyte has a life span of approximately 110-120 days, after it issues 
from the bone marrow into the circulation. In this period of time, 
the cell passes through many miles of capillaries and is subjected to 
much squeezing and bumping, participates in many thousands of 
chemical exchanges in both the lungs and the tissue, and may remain 
stagnant for hours at a time in the spleen and in other sinusoidal or- 
gans. Despite the cell’s plasticity and its almost complete lack of 
metabolism (it is without a nucleus), it inevitably “wears out.’’ Does 
it then simply become lysed by such normally present metabolites as 
‘dysolecithin” or lecithin? Does it become fragmented, or does it be- 
come swollen and disintegrate in the so-called “oraveyard of the red 
cell,” the spleen? Answers to these questions are as yet not fully 
available. Peculiarly enough, more is known of abnormal blood 
destruction than of normal. 

The course of the pigment hemoglobin is fairly well worked out, but 
the fate of the cell itself and of its many other constituents is rather 
obscure. The normal red cell, a biconcave disc with an average vol- 
ume of 85-95 cu. micra and an average diameter of 7.5 micra, has an 
average thickness of 2.0 micra. This cell, when placed in normal or 
isotonic salt solution (0.9% NaCl), remains essentially unmodified. 
However, when placed in solutions of progressive hypotonicity (0.8 per 
cent, 0.7 per cent, 0.65 per cent, etc.), the cell takes in more and more 
fluid. Ina solution of 0.6 per cent NaCl, the red cell is thicker (with 
fluid) than in a solution of 0.8 per cent NaCl. Even though thicker, 
however, its total area remains essentially unchanged. In other 
words, as the cell becomes thicker it becomes rounder, more spherical, 
and smaller in diameter. In 0.5 per cent NaCl solution, the red cell 
is almost completely spherical and its diameter may now be only 4-5 
micra, and its thickness almost the same amount. 


In solutions of NaCl under 0.5 per cent, the red cell finally bursts 
(685) 
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(hemolyzes). The differences in initial hemolysis indicate a difference 
in thickness among the red cell population. The more resistant, 7. €., 
the thinner red cells are probably, for the most part, reticulocytes—the 
younger ones which have only recently been delivered from the marrow. 

The thicker ones are probably the older cells which have been buffeted 
about in the circulation, and have remained stagnant in various sinus- 
oidal areas. The thinnest cells do not become completely hemolyzed 
until concentrations of approximately 0.25 per cent NaCl are reached. 
Thus, some normal red cells are hemolyzed at approximately 0.5 per 
cent NaCl solution, and all are hemolyzed at approximately 0.25 per 
cent NaCl. The red cell, as Guest? has pointed out, may be considered 
a perfect ‘‘osmometer,”’ responding quickly to changes in hypotonicity, 
and thus showing quick changes in thickness. These changes of the 
red cell with respect to hypotonicity are made use of in the fragility 
test. But they may have some physiologic importance, as well. That 
is, the more effete red cells may be smaller and thicker than the rela- 
tively immature cells just released from the bone marrow. Although 
the question of hypotonicity does not enter into the ultimate hemo- 
lysis of the thickest red cells within the circulation, it is highly proba- 
ble that these cells are more vulnerable to breakdown (say within the 
spleen) than their thinner fellows. The spleen may well be the grave- 
yard of the thickest red cells. 


PATHOLOGIC PHYSIOLOGY OF INCREASED 
RED CELL DESTRUCTION 


The sequence of events which take place during a bout of sudden 
blood destruction is best studied in the experimental animal. Guinea- 
pigs, when injected with an anti-red cell hemolytic serum (see below), 
develop either fulminating, acute, or subacute hemolytic processes, 
depending upon the amount of hemolytic serum injected. In the 
fulminating type, we find hemoglobinuria, very rapidly developing 
anemia, and extreme spherocytosis of the red cells. Evidences of 
regenerative activity on the part of the marrow are lacking. The 
hemoglobinuria and the violent reduction in red cell count (from about 
5.0 to 1.0 M. per cu. mm. or thereabouts in 24-36 hours) are indications 
of blood destruction occurring so rapidly that liberated hemoglobin 
cannot be modified to bilirubin, but is excreted from the blood plasma 
into the urine. 


Hemoglobin in the plasma is a threshold substance, and is normally 
present in a concentration of approximately 5 mgs. per 100 ce. When 
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the threshold of approximately 150 mgs. is exceeded, hemoglobin is 
excreted in the urine. Hemoglobinuria, thus; indicates rapid and 
violent blood destruction which occurs usually within the circulation, 
7.e., intravascularly. Hemoglobinuria is always accompanied by 
hemoglobinemia, but very definite hemoglobinemia (up to 150 mgs. 
per 100 cc.) may be present without hemoglobinuria. 

- In fulminating hemolysis, the red cells in the circulation may, 
within a day or less, beconie decreased by 60 per cent or more. This 
may lead to a hemolytic ‘“shock,’’ due to the sudden loss of an osmoti- 
cally important substance from the circulation. When one considers 
the great loss in total red cell volume, from approximately 2250 cc. in 
a normal human adult to, say, 450 cc., it is readily seen that the entire 
body must adjust itself quickly, or death will supervéene. The great 
strain on the circulation, more particularly on the heart, and on the 
tissue cells in a variety of organs, can only be speculated upon. 

The red cells which remain within the circulation after an “attack” 
by a hemolytic agent are, presumably, those which were originally the 
most resistant. Inspection of a blood smear, at this point, reveals that 
even these cells are now almost exclusively small, usually round, dense, 
brown-staining, and devoid of a central clear zone: 2. @., spherocytes. 
These are usually “fragile” in hypotonic solutions of sodium chloride. 
Extreme spherocytosis is the rule in violent hemolysis, whether in the 
experimental animal or clinically in the hemolytic crisis. The simul- 
‘taneous occurrence of spherocytosis with anemia, and the coincidence 
of extreme degrees of spherocytosis with severe blood destruction sug- 
gest that the spherocyte in its various gradations, from a slightly 
thickened to an almost completely spherical cell, is the forerunner of 
complete hemolysis. The spherocyte may, thus, be considered as a 
red cell which has been injured by a hemolytic agent, and as a stage 
between a normal, mature, circulating red cell and one which is com- 
pletely hemolyzed. The greater the degree of spherocytosis, the more 
fulminating is the hemolytic process. 

In less fulminating hemolytic processes, where within three to ten 
days the red cell count may drop from 5.0 to 3.0 M., hemoglobinemia 
and hemoglobinuria do not develop. The evidences of hemolytic 
shock are slight or completely lacking, and there is far less strain on 
the circulation. 

The anemia is variable and is normochromic, normocytie by cell 
volume, but microcytic by cell diameter (7.e., the red cells are unusually 
thick and, although their diameters are smaller than normal, their 
normal volumes are retained). The blood smears show tivo outstand- 
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ing features which are of physiologic importance: (1) a great diversity 
in red cell population, both in size and degree of maturity, and (2) 
evidence of regenerative activity on the part of red cells, white cells, 
and platelets. The sudden, but not extremely violent, hemolysis acts 
as a powerful stimulant to bone-marrow activity, which is reflected 
in the peripheral blood. Thus, together with partially hemolyzed 
cells, 7. €., spherocytes, relatively huge red cells newly arrived in the 
circulation are present. These are polychromatophilic reticulocytes. 
The disproportion between the small spherocyte, which is brown and 
“orthochromatic,”’ and the large polychromatophilic red cell, which is. 
bluish-gray in color, is quite striking and is readily seen by inspection 
of a well-spread, well-stained blood smear. The two cells represent 
two different physiologic processes, one destructive, the other regenera- 
tive. The diversity in size of these cells gives rise to two types of red 
cell population, with respect to diameters, and is well brought out in 
Price-Jones curves of red cell diameters, which show a “‘biphasic’’ 
character. 

Other indications of increased hemolysis are to be found in the 
breakdown products of the hemoglobin.t The plasma bilirubin be- 
comes increased to variable levels, depending in part upon the degree 
of blood destruction and in part upon the functional capacity of the 
liver to remove excess bilirubin from the circulation. Two individuals 
with the same degree of blood destruction may show bilirubin levels, 
respectively, of 2 and 4 mgs. per 100 cc. of blood. The presumption is 
that, in the latter case, the hepatic cells remove bilirubin from the 
circulation more slowly than in the first. With rare exceptions, the 
bilirubinemia is always of the indirect variety, and is thus associated 
with urine which is free of bilirubin, 7. e., acholuric jaundice is present. 
In some rare cases, the amount of bilirubin presented to the hepatic 
cells is so high, and the cells are simultaneously so inefficient (as in 
hemolytic anemia of the newborn), that there may be a mixed type of 
bilirubinemia, with bile appearing in the urine. The total amount of 
bilirubin in plasma rarely exceeds 10 mgs. per 100 cc. and is, usually, 
between 2 and 5 mgs. The biliary canaliculi are congested with 
bilirubin, and the gall bladder is called upon to store unusually large 
quantities of bile laden with high concentrations of that pigment. As 
a result, bilirubin may precipitate out and form stones with or without 
a calcium matrix. 

The intestinal tract receives unusually large quantities of the pig- 
ment.’ In violent hemolysis, actual discharge of bile may occur. In 
less severe cases, however, the stools are highly colored, but otherwise 
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normal in appearance. Except in certain rare instances of completely 
intravascular hemolysis, the fecal urobilinogen is by far the surest in- 
dex of increased blood destruction. It is conceivable that, in a given 
case, the liver may be functionally so adequate that it removes newly 
formed bilirubin almost as soon as it enters the blood stream. The 
excess bilirubin is, however, passed into the intestine, where it is con- 
verted into urobilinogen. In acute hemolytic anemia, the output of 
urobilinogen may be increased five- to twenty-fold. In estimating the 
degree of hemolysis, one should always relate it to the hemoglobin con- 
tent and, even more accurately, to the total intravascular hemoglobin. 
Thus, an output of 100 mgs. of fecal urobilinogen may be normal for an 
adult weighing 150 pounds and exhibiting 15.0 mgs. of hemoglobin per 
100 cc. For an adult of similar weight, exhibiting 5.0 gms. of hemo- 
globin per 100 cc., 150 mgs. of urobilinogen represents approximately 
three times normal blood destruction. For a child weighing only 50 
pounds, the same amount of urobilinogen at a similar hemoglobin level 
is about 9 times normal. The most accurate estimation of the degree 
of blood destruction is made by having recourse to the hemolytic index, 
which depends upon knowledge of the blood volume and red cells and 
the output of urobilinogen in the feces. ** 

With an increase in urobilinogen in the intestines, the output in the 
urine usually becomes increased as well. The degree of urobilinogen is 
also conditioned, to some extent, by the hepatic function. Thus, if the 
liver is normal, the urobilinogen may pass through quickly and re-enter 
the intestines. If, on the other hand, the liver is damaged, there is a 
delay of urobilinogen excretion by this organ and a consequent in- 
~ erease in the general circulation and, thus, in the kidneys and urine. 
To rely solely on the content of urinary urobilinogen as an index to the 
degree of blood destruction, may lead to error. 


PATHOGENETIC MECHANISMS OF 
INCREASED HEMOLYSIS 


The various mechanisms responsible for increased blood destruction 
have recently been given some attention. They include the activity 
of hemolysins and agglutinins, the passive action of erythrostasis, and 
the role of the spleen as well as of such physical factors as cold, heat, 
hydrogen ion concentration, etc. Attempts to incriminate a single 
mechanism as solely responsible for all hemolytic states are probably 
unwarranted. 
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HEMOLYSINS 


The older immunologists, including Bordet, Ehrlich, and others, 
utilized the activity of hemolysins and their action upon red cells in 
examining the theoretical aspects of immune _processes.® 7 The 
Wasserman reaction is a direct outgrowth of this work. They demon- 
strated that, if red cells of one species were repeatedly introduced into 
the circulation of another, the serum of the latter would eventually 
cause hemolysis of the red cells of the former. Thus, if guinea-pig red 
cells were repeatedly injected into a rabbit, the rabbit’s serum would 
eventually cause hemolysis of the guinea-pig’s red cells. Heating the 
serum to 56°C. resulted in a loss of this hemolytic ability, but when 
fresh guinea-pig serum, or “complement,” was then added, hemolysis 
took place. 


It was determined that hemolysis was a two-step affair: (1) “‘sensi- 
tization’? by antibody or ‘‘amboceptor’’ and (2) actual hemolysis by 
another substance, the ‘““complement.”’ These observations, although 
well-known for the most part to immunologists, were little, if at all, 
appreciated in their clinical significance. The first hemolysin which 
was related to clinical disease was that described by Donath and 
Landsteiner, in cases of paroxysmal cold hemoglobinuria. These in- 
vestigators demonstrated that certain, usually syphilitic, individuals 
had an autohemolysin in their sera, which reacted upon chilling and 
then re-heating. French observers like Chauffard, Troisier, Widal, 
Abram, Brulé, and others, demonstrated hemolysins in some of 
their cases of hemolytic anemia. These they called ‘‘hemolysinic” 
anemia.® They believed that these autohemolysins, which acted 
upon the patient’s own red cells, were causally related to the hemolytic 
process present. 


Chauffard® believed that a new specialty, “immuno-hematology,”’ 
might well be introduced. These observations, made between 1910- 
1915, were apparently disrupted by World War I, and then for the 
most part forgotten or ignored, so that, in publications during the next 
two decades or more, there was little mention of the possible role of 
hemolysins. In 1937, Schwartz and I® described three cases of acute 
hemolytic anemia, in two of which hemolysins of the immune body 
type were definitely present. The sera of these cases hemolyzed, not 
only the red cells of many prospective donors, but also the patient’s 
own red cells. This hemolysis could be prevented by heating the 
serum to 56° C, but it reappeared when guinea-pig serum (complement) 
was added. The improvement of these patients following splenect- 
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omy, together with the cessation of spherocytosis and of abnormal 
hypotonic fragility, in association with the disappearance of hemolysin, 
led us to the concept that the immune hemolysin might be responsible 
not only for the hemolytic state, but for the spherocytosis and in- 
ereased hypotonic fragility as well. This was directly contrary to the 
view of numerous authorities that spherocytosis was due to a disorder 
of bone-marrow erythrocyte production, and not to the activity of such 
extrinsic agents as hemolysins. 

An immune hemolytic serum was then produced by repeatedly in- 
jecting guinea-pig red cells into rabbits. The rabbit serum was then 
injected, in varying doses, into normal guinea pigs, and various types 
of hemolytic anemia were produced: fulminating, with extreme sphero- 
cytosis, hemoglobinuria, and death without regenerative activity on 
the part of the bone-marrow; acute, with spherocytosis and marked 
changes in fragility, But without hemoglobinuria and with evidences 
of regeneration; subacute, with marked regeneration, many reticulo- 
cytes and polychromatophilic red cells, giving a ‘“‘pseudo-macrocytic’”’ 
type of blood picture, etc. These observations demonstrated (1) that 
a hemolytic serum could produce hemolytic syndromes in vivo com- 
parable to clinical hemolytic syndromes; (2) that spherocytosis was a 
precursor of hemolysis, and could be ‘“‘acquired”’; and (3) that sphero- 
cytosis was produced outside the bone-marrow, since the young red 
cells in the circulation were much larger than the spherocytes. From 
these and other observations, we concluded that the hemolytic syn- 
dromes were, in all probability, more or less concerned with the activity 
of hemolysins of different types acting in different concentrations. 
Thus, a large dose of hemolysin might result in hemoglobinuria, and a 
- smaller dose in subacute or chronic hemolytic anemia. 

Further observations have borne out these original conceptions, with 
the qualification that by a hemolysin is meant any substance, chemical, 
immune or other, which directly or indirectly tends to injure the red 
cell and, thus, to cause its destruction.’ However, certain modifica- 
tions and additions to the original concept must be made. 

Hemolysins may be classified as simple and complex. A simple 
hemolysin, which may be of chemical nature, i.e., saponin, lecithin, 
lysolecithin, arsine gas, some of the sulfonamides or their end products, 
benzol, etc., acts directly on the red cell, causing its immediate hemol- 
ysis without the intervention of any other substance. On the other 
hand, other hemolysins are complex, requiring the preliminary action 
of “amboceptor” before hemolysis takes place by “complement.” Of 
the complex hemolysins studied, including colloidal, silicic acid, and 
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immune hetero-hemolysin, the latter had all the properties of the 
isohemolysin which we had previously studied, and which had earlier 
been described by Chauffard and Troisier. 

Complex hemolysin, apparently, acts first by injuring the red cell 
membrane, as evidenced either by direct observation of the cells, which 
show irregular spinous processes, or by the method of mechanical 
fragility. With the latter method, shaking of the red cells already 
acted upon by hemolysin in the absence of complement results in 
hemolysis within a certain period of time, control red cells showing no 
hemolysis. Prompt hemolysis of sensitized red cells takes place when 
complement is added, the latter agent apparently being the actual 
hemolysin. Complete hemolysis is probably antedated by the de- 
velopment of spherocytosis, although of this no complete evidence is 
available. Hemolysis in a complex system is probably facilitated by 
other factors; such as that of pH, the amount of potassium or hydrogen 
ions, the temperature and, perhaps, the ‘‘vital” activities of certain 
cells, notably those in the spleen. 


AGGLUTININS 


Agglutinins are much more common, clinically, than hemolysins. 
What is more, the hemolytic activity of complex hemolysin is, in part, 
that of agglutinin (which is, probably, the same as amboceptor, or 
sensitizing agent). Agglutinins, when introduced into the circulation, 
result in hemolysis of red cells. They may be of different types, some 
acting at, or above, body temperature (warm agglutinin, e.g., the 
anti-Rh agglutinin); some acting well at any temperature, whether of 
room, icebox, or incubator (e.g., the iso-agglutinins, anti-A and anti-B); 
and some acting best at icebox temperature (cold agglutinin). Agglu- 
tinins may also be pure or simple in type, without any but an agglutina- 
tive action, or they may be more complex, acting as agglutinins in one 
set of circumstances, but as hemolysins under other conditions, e.g., 
when complement is added. This is the case with colloidal silicic acid 
and immune agglutinin.’ A further differentiation of agglutinins has 
recently been made, depending upon whether they act well when 
diluted with normal salt solution, or whether their activity is masked 
in such a solution, to be brought out only if whole blood, plasma, or 
albumin is used as a diluent. On the basis of these differences, an 
attempt. has been made to divide agglutinins into those which are 
“bivalent” and those which are “univalent.”” Agglutinins acting well 
in normal salt solution are said to be bivalent, or “complete,” anti- 
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bodies, whereas those which require the use of a serum or plasma factor 
are said to be univalent, or ‘incomplete,’ antibodies. The term 
“blocking antibody” has also been used for the incomplete anti-Rh 
agglutinin. Whether these concepts are correct, or whether the differ- 
ences in antibody activity, relative to salt solution or plasma, depend 
solely on diluent, remains a question for further study. 


CONCANAVALIN-A’ 


A protein derived from the jack-bean causes intense agglutination of 
many species of red cells in very dilute concentrations. Actual injury 
to the red cell membrane occurs, as evidenced by the behavior with 
mechanical trauma. Hemolysis in vivo is probably induced by the 
mechanical trauma of the active circulation upon the agglutinated 
corpuscles, although undoubtedly other factors, such as temperature 
change, stasis, etc., have their effects. 

Cold hemagglutinin, found in a primary atypical pneumonia and, at 
times, in high concentration in other conditions, acts much like con- 
canavalin. It is universal in its scope (panagglutinin), acting on all 
types of red cells, human and otherwise, but is limited in its activity 
with respect to temperature. It has a “thermal amplitude” of 0° C. to 
17-20° C. In this temperature range, it causes intense agglutination 
of red cells. Agglutination, if continued, injures the red cells, as 1s 
evidenced by mechanical hemolysis with trauma. The traumatizing 
effects of the circulatory pulsations upon agglutinated red cells are 
probably responsible for the in vivo hemolysis. 

The iso-agglutinins anti-A and anti-B, and the warm agglutinin 
anti-Rh, cause intravascular hemolysis when introduced into the circu- 
lation in contact with susceptible red cells containing the appropriate 
agglutinogen. Again, similar mechanisms are probably operative: in- 
jury to red cell membrane, the effects of trauma upon agglutinated red 
cells with the development of spherocytosis, complete hemolysis, either 
intravascular or in the spleen, with or without the added effects of 
stasis. 


ERYTHROSTASIS 


The effects of simple stasis in the development of hemolysis have 
been known for years. Ham and Castle,’ chiefly on the basis of 
Knisely’s interesting histophysiologic studies of the spleen, concluded 
that the normal spleen has two main functions, both reproducible in 
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the test-tube, namely, erythrostasis and erythroconcentration. From 
further experimental data, they concluded that all hemolysis was a 
function of erythrostasis, either (1) of unusual degree, or (2) of normal 
degree in the presence of abnormal cells, 7.e., spherocytes. Stasis of 
unusual degree was often the end result of Agelitinetion: Stasis of 
normal degree in conjunction with abnormal cells was present in 
various types of anemia with spherocytosis, and occurred chiefly 
within the spleen. 

Although there can be no doubt that erythrostasis, particularly that 
within the spleen, may have some slight effect in the ultimate hemolysis 
of red cells, this theory does not explain the development of sphero- 
cytosis, nor does it indicate that the spherocyte is simply a red cell 
already in the process of hemolysis. Furthermore, as already indicated 
above, an agglutinating substance does more than simply to remove a 
number of red cells from the active circulation, to stagnate, and to 
hemolyze. It actually injures the red cell envelope. Hemolysis is 
thus an active, rather than a passive, mechanism, although it is possible 
that the passive factor may be of some significance. What is more, 
under conditions of extreme erythrostasis, we have found there is 
actually a decrease in hemolysis. Furthermore, the theory of eryth- 
rostasis has no bearing whatever on cases of actual hemolysinemia, as 
in paroxysmal nocturnal hemoglobinuria, nor on march hemoglobinuria 
in which the reverse of stasis is present. 


SPLENIC ACTIVITY 


The role of the spleen in normal and increased hemolysis is still 
obscure. Although it is attractive to consider the spleen as the 
“graveyard” of the red blood cell, this is by no means proved. In al- 
most all conditions of increased hemolysis, the spleen is enlarged, and, 
in some of these, splenectomy is followed by dramatic recovery. Does 
the spleen become enlarged because it must remove more abnormal red 
cells from the circulation than normally, or does it enlarge as a primary 
dysfunction, and thus result in hemolysis? It would appear that both 
answers are correct, since (1) the spleen often acts to remove red cells 
which have been partially hemolyzed elsewhere, and (2) in certain 
“hypersplenic”’ cases, the spleen appears to be primarily responsible 
for the increased hemolysis, and its removal results in complete cessa- 
tion of the hemolytic state. The “hypersplenic’”’ cases are usually 
associated with leucopenia, granulocytopenia, and thrombocytopenia, 
1.€., pancytopenia. This indicates, according to our concepts, an 
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unusual degree of inhibitory effect of the hyperactive spleen upon the 
bone-marrow formation and delivery of the various cells. Definite 
proof, other than splenectomy, for a “hypersplenic”’ type of hemolysis 
has thus far been lacking. That is to say, there is usually no histologic, 
or other direct, evidence obtained through extracts, etc., that the 
spleen is the initiator of the entire hemolytic process. Histologically, 
- certain cases show intense erythrophagocytosis. It may be concluded 
that the spleen is certainly of aid in most hemolytic processes, and at 
times initiates and carries through the entire reaction. 


CERTAIN CHEMICAL AND PHYSICAL FACTORS 


Certain chemicals, notably saponin, lecithin, arsine, phenylhydra- 
zine, and certain drugs containing the benzene ring and including the 
sulfonamide compounds, acetanilid, etc., have the property of injuring 
the red cell and causing its hemolysis. Inorganic acids, saturated 
fatty acids and their halogen derivatives, and certain alcohols also 
cause hemolysis. These probably act on the red cells in different ways, 
as by proteins, etc. Physical factors, such as extreme heat, cold (in the 
presence of agglutinin), and certain radiations including the ultraviolet 
(especially in the presence of eosin or kindred dyes) may injure the red 
cell and result in its hemolysis." Contributing factors may be the pH, 
the concentration of potassium, sodium, sugar, etc., in the solution.!! 


SUMMARY OF PATHOGENETIC MECHANISMS 


One may conclude that the red cell can be injured in a variety of 
ways: directly, whether by a chemical factor, or by hemolysis of simple 
variety, or by heat; in a more complex fashion, by an agglutination 
(complete mechanisms, ¢.9., immune hemolysin); or by the combina- 
tion of agglutination and mechanical trauma. These methods of 
hemolysis may be aided by such factors as erythrostasis, an acid pH, 
etc. In any event, the red cell is actively injured, and either partial 
hemolysis (spherocytosis) or complete hemolysis results. Erythro- 
stasis, the spleen, and the pH are rarely the sole cause for the develop- 
ment of hemolysis, which is probably an “active,” and not a ‘‘passive,” 
process. The exact mechanisms which are operative in a given case of 
hemolytic anemia are quite obscure, but attempts to uncover them 
should always be made. 
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CLASSIFICATIONS OF HEMOLYTIC ANEMIA | 
I. Conventional or Nosographic Classification 


The classification which we have found most useful follows the con- 
ventional pattern: — 


HEMOLYTIC SYNDROMES 


A. Hereditary 
1. Spherocytic (familial or congenital hemolytic jaundice or 
anemia). 
2. Mediterranean target-oval cell (including Cooley’s anemia in 
mild forms). 
3. Sickle cell (African target-sickle cell). 
B. Acquired Y 
1. Chemical origin—phenylhydrazine, sulfonamides, etc. 
. Bacterial origin—sStreptococcus hemolyticus, Bacterium colt, etc. 
. Parasitic origin—malaria, Oroya fever. 


Be Ww bw 


. “Symptomatic” origin—secondary or symptomatic of an under- 
lying disease (Hodgkin’s disease, etc.). 


On 


. “Tdiopathic”’ origin—with or without hemolysins or agglutinins, 
“‘hypersplenic”’ types. 


C. Hemoglobinurias 
1. Paroxysmal cold. (a) (Donath-Landsteiner) hemolysin; (b) 
Cold hemagglutinin. 
2. Paroxysmal march. 


3. Paroxysmal nocturnal (Marchiafava-Micheli). 
4. Others. 


II. “‘Reticulo-Endothelial” versus Intravascular Hemolysis 


In general, two types of hemolysis can be discriminated. In the one, 
there is a gradual disintegration of the red cell and its hemoglobin com- 
ponent. This, evidently, takes place outside the circulating blood, 
and may be brought about in various sinusoidal areas, with or without 
the activity of reticulo-endothelial cells. This type of hemolysis is 
unaccompanied by an increase in the plasma hemoglobin concentra- 
tion, but an increase in plasma bilirubin takes place, and this is fol- 
lowed by an increase in the output of urobilinogen in the feces. The 
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spleen becomes enlarged, at times excessively so, evidently because its 
blood-destructive fitnction is greatly increased. 


In the second, or intravascular, type of hemolysis, a mass of red cells 
is suddenly or violently disrupted within the circulating blood itself. 
As a result, there is a quick liberation of hemoglobin with a consequent 
increase in plasma hemoglobin. If a sufficient amount of blood 
(roughly 30 cc. or over) is thus hemolyzed, the plasma hemoglobin 
concentration rises above the threshold level of 150 mgs. per 100 cc., 
with the resultant passage of hemoglobinous urine. Hemoglobinuria 
is thus indicative of violent intravascular hemolysis of more than 30 cc. 
of blood. Hemoglobinuria must always be accompanied by hemo- 
globinemia, but the reverse is not necessarily true, since, ordinarily, 
plasma hemoglobin levels of less than 150 mgs. are not accompanied 
by hemoglobinous urine. With the presence of an increased plasma 
hemoglobin level, an abnormal blood pigment called methemalbumin” 
is formed. Small quantities of methemoglobin may also be produced. 
The spleen may not become enlarged, even with successive bouts of 
violent hemolysis. Apparently, this is so because red cell destruction 
is carried out chiefly within the circulating blood, and not in the 
reticulo-endothelial sinusoids. In paroxysmal nocturnal hemoglobi- 
nuria, both types of hemolysis seem to take place simultaneously. 
Intravascular hemolysis takes place with the patient in the supine 
position, generally at night. Normal, or “‘reticulo-endothelial,’’ hemo- 
lysis occurs during the rest of the day. In this condition, a mixed type 
of hemolysis is present with a resultant increase in both plasma hemo- 
globin and bilirubin levels, hemoglobinuria, a slight increase in fecal 
urobilinogen, and splenomegaly. There is, in addition, a very unusual 
type of iron removal from the hemoglobin molecule, with its subsequent 
deposition in renal tubules. 


Types of Hemolysis as Determined from Red Blood Cell 
: Survival Studies 


We have already seen that the red cell has a longevity of approxi- 
mately 110 to 120 days.* In our laboratory, we have used a modified 
Ashby technique, utilizing high titer anti-A, anti-B, anti-M, anti-N, 
and anti-Rh testing sera, for differential agglutination directly in the 
red blood cell counting pipette. By introducing normal red cells into 
the circulation of patients with hemolytic disease, it is possible to dis- 
tinguish at least two types of hemolysis (TABLE 1). In the one, the in- 
troduced red cells are destroyed in a normal linear fashion, the life span 
being approximately normal. This occurs in familial spherocytosis and 
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TABLE 1 


2. 
Trsrs Founp UseruL IN DirFERENTIATION OF FAMILIAL SPHEROCYTIC 
ANEMIAS FROM ACQUIRED TYPES 


Familial | Familial Acquired , 
Test used spherocytosis spherocytosis | hemolytic Chemical 
pee in crisis anemia 
decreased 
Red cell survival time normal decreased | ? exponential normal 
curve 
Iso-antibodies none ae present absent 
Anti-human-serum ante 
Rabbit serum . presum: 
(BaoransDodd: negative ? ay negative 
Loutit) 

Mechanical fragility normal ? + normal 


in the other hereditary hemolytic syndromes of Mediterranean target- 
oval cell disease and sickle cell disease. In certain cases of acquired 
hemolytic anemia, particularly in those associated with circulating 
iso-antibodies, the curve of red cell destruction is a much sharper one. 
According to some investigators, this curve is of the exponential 
variety. In some of our cases, however, the curve has been linear in 
type, although a rapid loss of red cells took place. Thus, in certain 
cases of hemolytic anemia, the disorder is evidently one which centers 
largely around the patient’s own abnormal red cells, as a result of 
which, the normal processes of hemolysis cause increased red cell des- 
truction. According to a number of investigators,’ this is the situa- 
tion, for example, in familial spherocytosis. Here, the abnormal red 
cells are destroyed at a rapid rate by a normal spleen. Normal red 
cells are destroyed at the normal slow rate. When the spleen is re- 
moved, increased red cell destruction ceases, even though sphero- 
cytosis persists. These observations, apparently, indicate that there 
is no abnormality in hemolysis per se, but that the red cells themselves 


are abnormal. This explanation does not elucidate the fundamental 


cause of the spherocytosis. By analogy with our experiments concern- 
ing the production of spherocytosis, and in view of the fact that the 
spherocyte represents a red cell which has been injured, it would seem 
likely that the spherocyte of familial spherocytosis is a red cell which 
has been injured by “hemolysin,” in the general sense. Since in a case 
of this disease normal red cells are not destroyed at a more rapid rate in 


: 


ee ee ee 


DAMESHEK: HEMOLYTIC MECHANISMS 699 


the circulation, it is possible that the patient’s own tissues produce spe- 
cific substances which act exclusively upon the patient’s own red cells. 

Confirmatory of the presence of a substance causing spherocytosis of 
mature red cells is the extreme degree to which this abnormality de- 
velops during a hemolytic crisis. The hypotonic fragility increases 
during this time, and there are present as well leucopenia, neutropenia, 
thrombocytopenia, and reticulocytopenia. These cytopenias suggest 
an active degree of hypersplenism. Recent studies in our laboratory 
indicate that the destruction of normal red cells may become increased 
at thistime. In one case, an abnormal iso-antibody was demonstrable 
during crisis. 

The rapid rate of hemolysis of red cells introduced into certain cases 
of acquired hemolytic anemia indicates a “hemolytic constitution,” 
i.e., a mechanism whereby introduced normal red cells, as well as those 
of the patient, are destroyed at an abnormally rapid rate. An ex- 
ponential type of curve has been assumed by Brown ¢¢ al.,"° and has 
been confirmed in a few clinical observations.“ Our own studies indi- 
cate that the rapid hemolysis of normal red cells may proceed either 
exponentially or in a straight-line fashion. With the possible exception 
of the crisis, therefore, the finding of a definitely decreased red cell life 
span indicates (1) acquired hemolytic anemia and (2), a definite iso- 
antibody effect. Such cases are, as a rule, associated with the presence 
in the serum of abnormal agglutinins or hemolysins, which are usually 
of the immune body type (cf. below). 

Still a third type of hemolysis, non-congenital, definitely acquired, 
but associated with a normal red cell life span, was recently observed in 
a case of acute hemolytic anemia associated with chemical poisoning 
(refrigerant). In this case, no abnormal iso-antibodies of any type 
were present. 


III. Types of Hemolysis as Determined from Study of Serum for 
Abnormal Iso-antibodies and from Study of Red 
Cells for Adsorbed Immune Antibody 


The cases of hereditary hemolytic disease (spherocytic, target-oval 
cell, target sickle cell types) are not, as a rule, associated with the 
presence in the serum of abnormal iso-antibodies, whether hemolysins 
or agglutinins. An exception, as noted above, may occur during the 
hemolytic crisis of familial spherocytosis. 

In cases of acquired hemolytic anemia, except those due to chemicals 
and those which are symptomatic or secondary to some other condi- 
tion such as Hodgkin’s disease, we have found an agglutinin which is, 
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apparently, best brought out by the use of bovine albumin, rather than 
normal salt solution, as a serum diluent. This agglutinin is, usually, 
of the “cold” variety, and may be of high titer. Its exact relationship 
to the hemolytic process is obscure, perhaps because its reactions 7 
vitro are best brought out at temperatures far below the normal body 
temperature. The potentiation of hemolytic activity of cold hemag- 
glutinin has been recently pointed out. by Boorman et al.!° Some cases 
with a warm agglutinin may show greatly increased activity in albumin 
solutions, as compared with saline. That this is due to the presence of 
a “univalent,” “blocking,” or “incomplete” antibody, as claimed by 
Wiener’ for anti-Rh agglutinins, is debatable. We think it likelier 
that the agglutinin activity is more readily brought out in solutions of 
albumin, or in plasma, than in normal salt solution, not because the 
agglutinins are incomplete, but because these solutions are more nor- 
mal diluting materials than normal salt solution. Erythroblastosis 
fetalis is an example of a congenital but acquired hemolytic disease, due 
to the presence of abnormal agglutinins (usually of the anti-Rh type). 
These may be “complete,” 7.e., readily brought out in salt solution, or 
“incomplete,” 7.e., not brought out in salt solution, but found only 
when albumin or plasma solutions are used for titration. 

Some cases of acquired hemolytic anemia show an iso-hemolysin, of 
the immune body variety, which is active against red cells of all blood 
groups, as well as against the patient’s own red cells.° 

Cases of acquired hemolytic anemia which are due to chemical 
poisoning or are secondary to such conditions as Hodgkin’s disease, 
lymphosarcoma, etc., do not show immune bodies of any type in 
the serum. 

Recently, Boorman, Dodd, and Loutit!’ described an interesting test 
whereby they discriminated between familial and acquired cases of 
hemolytic disease. Beginning with the postulation, previously ad- 
vanced by Dameshek and Schwartz,’ that, in certain cases of acquired 
hemolytic anemia, the serum might be devoid of demonstrable iso- 
antibody which was, however, adsorbed on the red cell, they prepared 
an anti-human serum rabbit serum. By using this serum against red 
cells of acquired and hereditary cases, they obtained positive results, 
z.e,, agglutination of red cells, in the acquired cases, and negative results 
in the hereditary types. Negative results were obtained, also, in 
symptomatic and chemical cases. Although these results are in accord 
with our previous postulations and with the results of red cell longevity 
studies with serum iso-antibodies, they require further confirmation 
before they can be completely accepted. 
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Types of Hemolysis as Determined from ‘‘Differential 
Fragility Studies” of the Red Cells 


The hypotonic fragility test is an index, simply, of the degree of 
thickness of the red cell. The thicker the cell, the ereater is its 
“fragility” to hypotonic solutions of sodium chloride. The red cell 
may be tested by other physical or chemical methods, to determine, 
possibly, the type of substance which has reacted with it. Thus, by 
use of mechanical trauma with glass beads in a mechanical shaker 
(mechanical fragility), we can readily determine that red cells from a 
given condition are hemolyzed at a far greater degree than normally.’ 
In our experience, this indicates either the previous activity upon the 
red cell of agglutinin, or the presence of the “‘sensitization” phenome- 
non, 7.¢., the first step in hemolysis by a complex hemolysin. When a 
cold hemagglutinin is present, either the mechanical fragility test must 
be performed with cold solutions or the tubes must be surrounded by 
ice. In certain hemoglobinurias, a cold hemagglutinin is present and, 
therefore, an abnormal mechanical fragility is present. In others, 
there is a complex auto-hemolysin which requires cold for sensitization, 
and warmth and complement for hemolysis. This is known as the 
Donath-Landsteiner hemolysin. In still others, heat alone causes 
hemolysis (heat fragility increased) as in cases of paroxysmal nocturnal 
hemoglobinuria.'® In this disease, there is an increased acid hemolysis. 
These data are presented in TABLE 2. 


TABLE 2 
DIFFERENTIAL FRAGILITY TESTS 


Types of hemolytic Hypotonic |Mechanical Acid Heat 
disease fragility fragility | fragility fragility 
Hereditary: ' 
Spherocytic + ; = — - 
Target cell + (resistant) - - = 
Sickle cell + (resistant) — | — — 
Acquired: ’ - 
with agglutinins — + or — ae — — 
without agglutinins + or — - — _ 
Hemoglobinurias: 
Paroxysmal cold ‘ 
(syphilitic) = _ = + (with cold) 
Paroxysmal cold 
(with agglutinin) + or — + _ = 
Paroxysmal nocturnal = 3; | aia 45 


Paroxysmal march — a 
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